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The  most  advanced  steps  of  breast  cancer  progression,  such  as  cell  invasion 
and  metastasis,  are  accompanied  by  disruption  of  epithelial  tissue  integrity  (1).  The 
substantial  evidences  exist  that  a  malfunction  of  the  zonula  adherence  junctions  leads  to 
enhancement  of  cell  invasiveness  in  vitro  and  metastasis  of  certain  human  tumors  (2,  3). 
In  epithelial  cells,  the  transmembrane  glycoprotein  E-cadherin,  which  is  localized  to 
adherens  junctions  where  it  is  associated  with  the  cytoplasmic  proteins  of  the  catenin 
family,  exhibits  the  major  adhesion  activity  (4).  Although  the  mechanism  controlling  the 
activation  of  E-cadherin  is  not  well  understood,  the  modulatory  role  of  extracellular 
stimuli  including  different  growth  factors  was  strongly  suggested  (5-9). 

In  human  breast  cancer  cells,  insulin-like  growth  factor  I  (IGF-I),  acting  through 
the  specific  receptor  (IGF-IR)  was  shown  to  inhibit  invasiveness,  presumably  via 
stimulation  of  E-cadherin-mediated  adhesion  (10).  Additionally,  non-steroidal 
antiestrogen  Tamoxifen  was  implicated  in  the  up-regulation  of  cell  aggregation  in  vitro, 
thereby  suggesting  the  potential  function  of  antiestrogens  as  anti-scattering  agents  (11). 
Despite  these  intriguing  findings,  it  remains  unexplored  how  IGF-IR  stimulation  leads  to 
up-regulation  of  the  adherens  type  cell  junctions  and  whether  antiestrogens  favor  this 
process. 

The  purpose  of  our  study  is  to  elucidate  molecular  mechanisms  by  which  IGF-IR 
and  antiestrogens  modulate  cell-cell  adhesion  in  breast  carcinomas.  We  believe  that  the 
understanding  of  the  mechanisms  governing  epithelial  cell  adhesiveness  is  a  crucial  and 
necessary  step  in  the  design  and  development  of  therapeutic  approaches  against 
invasive  and,  consequently,  the  most  aggressive  breast  carcinomas. 

Realizing  the  complex  nature  of  the  investigated  phenomenon,  we  addressed  the 
following  discrete  questions:  1)  How  IGF-IR  regulates  adherens  junctions?  2)  Which 
elements  of  the  E-cadherin  complex  are  critical  for  IGF-l-stimulated  adhesion?  3)  Do 
antiestrogens  stimulate  cell-cell  adhesion  through  modification  of  adherens  molecules 
and  /or  IGF-IR  signaling  pathways? 
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In  order  to  answer  the  above  questions,  our  experimental  work  is  guided  by  the 
specific  aims: 

1 .  To  determine  whether  the  intact  IGF-IR  signaling  is  critical  for  the 
activation  of  cell-cell  adhesion  in  breast  cancer  cells.  To  approach,  this 
aim,  we  proposed  to  pursue  the  comparative  analysis  of  the  aggregation  in 
the  cells  expressing  the  functional  versus  inactive/partially  active  IGF-IR.  In 
our  preliminary  work,  we  have  generated  clones  of  MCF-7  breast  cancer  cells 
overexpressing  the  wild  type  IGF-IR  and  revealed  their  enhanced  ability  to 
aggregate  on  the  extracellular  matrix  (12).  This  project  is  further  directed 
towards  the  development  of  MCF-7  clones  overexpressina  inactive  or 
partially  active  IGF-I  receptors,  in  which  IGF-IR  signaling  and  ability  to  grow 
in  aggregates  will  be  characterized. 

2.  To  identify  the  protein/s  of  the  E-cadherin  adhesion  complex,  which  are 
necessary  for  IGF-l-induced  cell  aggregation  in  breast  epithelia.  As  we 
have  shown,  the  wild  type  IGF-IR  is  co-localized  with  E-cadherin  into  cell-cell 
junctions  in  the  poorly  invasive  MCF-7  cells  (12).  Furthermore,  we  and  others 
have  discovered  physical  association  of  the  IGF-IR  signaling  molecules  with 
the  elements  comprising  the  cadherin  complex  (12, 13, 14).  Using  the 
invasive  breast  cancer  cell  lines  defective  in  the  expression  of  either  E- 
cadherin  or  catenins,  we  further  intend  to  distinguish  which  of  these  adhesion 
molecule/s  are  indispensable  for  IGF-l-promoted  cell  aggregation. 

3.  To  explore  the  potential  of  antiestrogens  in  upregulating  of  cell 
aggregation.  As  reported  before,  Tamoxifen  restored  the  function  of  E- 
cadherin  in  invasive  breast  cancer  cells  in  vitro  via  unknown  mechamism 
(11).  Our  aim  is  to  investigate  the  influence  of  nonsteroidal  antiestrogen 
Tamoxifen  and  of  a  pure  antiestrogen  IC1 182,  780  on  the  aggregation  of 
breast  cancer  cells.  We  also  plan  to  test  possible  effects  of  these 
antiestrogens  on  IGF-IR  signaling  molecules  and  the  proteins  comprising  the 
E-cadherin  complex. 
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PI  dedicated  100%  of  her  working  time  to  this  project  and,  in  accordance  with  the 
proposed  Statement  of  Work,  obtained  the  following  results  relevant  to: 

AIM  1.  To  explore  a  functional  role  of  IGF-IR  signaling  in  breast 
cancer  cell  aggregation,  I  developed  and  characterized  clones  of 
MCF-7  human  breast  cancer  cells  overexpressing  different 
mutant  IGF-IRs  with  inactivated  signaling. 


Part  I:  Development  of  the  mutant  clones. 

The  clones  of  MCF-7  cells  expressing  mutant  IGF-I  receptors  were  generated  by  stable 
transfection  (12)  with  the  pcDNA3  expression  vector  containing  the  following  human 
IGF-IR  cDNAs: 

-The  IGF-R  cDNA,  encoding  the  IGF-IR,  in  which  C-terminus  was  truncated  at  the 
position  1229,  right  below  the  tyrosine  kinase  domain,  referred  as  TC  (15).  This  cDNA, 
cloned  in  pcDNA3,  was  obtained  from  Dr.  E.  Surmacz. 

-The  IGF-IR  cDNA,  encoding  the  IGF-IR,  in  which  the  cluster  of  three  tyrosine  residues 
in  the  kinase  domain  (at  positions  1131,1135,1136)  was  replaced  by  phenylalanine 
residues,  referred  as  YF3  (16),  and 

-The  IGF-IR  cDNA  encoding  the  IGF-IR  with  a  substitution  of  lysine  in  the  ATP  binding 
site  (position  1003)  by  arginine,  referred  as  KR  (17).  Both  cDNAs,  cloned  in  pBluscript  II 
KS+,  were  generously  provided  by  Dr.  D.  LeRoith  (NIH). 

The  last  two  mutant  cDNAs  were  excised  from  the  pBluscript  II  KS+  vector  with  EcoRI 
and  Xbal  restriction  enzymes  and  cloned  under  the  CMV  promoter  into  the  pcDNA3 
expression  vector  encoding  a  neomycin  resistance  gene  (Invitrogen).  The  cloning  of 
inserts  was  verified  by  restriction  digestion,  and  the  new  vectors  were  transfected  into 
MCF-7  cell.  The  antibiotic-resistant  clones  were  selected  in  culture  medium  containing  1 
mg/ml  G418  (Geneticin)  (Gibco  BRL).  The  incorporation  of  the  TC  mutant  cDNA  into 
genome  was  analyzed  by  PCR  (polymerase  chain  reaction)  as  described  in  details  in  our 
previous  work  (12).  To  compare  the  level  of  the  IGF-IR  in  antibiotic-resistant  clones, 
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fluorescence-activated  cell  sorting  (FACS)  analysis  was  performed  in  all  types  of  the 
mutant  clones  (FACS  assay  is  described  in  details  in  Ref.  12). 


Type  of  IGF-IR  cDNA 
transfected  into 

MCF-7  cells 

TC 

YF3 

KR 

Number  of  transfected 
MCF-7  cells  (xIO6) 

4.6 

2.0 

2.0 

Number  of  isolated 
Neomycin-resistant 
colonies 

66 

69 

53 

Number  of  PCR- 
positive  clones/tested 

9/55 

N/A 

N/A 

Number  of  FACS- 
positive  clones/tested 

6/49 

13/38 

11/19 

Table  1.  Development  of  MCF-7  cell  clones  expressing  different  mutants  of  the  IGF-IR. 

Summarized  data  are  presented  on  the  efficiency  of  MCF-7  cell  transfection  and  selection.  N/A, 
data  are  not  available. 

In  some  samples  of  the  antibiotic-resistant  TC  transfectants,  PCR  analysis  was  found  to 
give  a  false  negative  result.  In  these  cells,  the  incorporation  of  the  cDNA  insert  could  not 
be  detected,  despite  the  evident  IGF-IR  protein  overexpression  proved  by  the  other 
techniques  (FACS  and  Western  blotting).  For  this  reason,  in  the  following  screening  of 
YF3  and  KR  transfectants,  PCR  test  was  omitted  and  FACS  analysis  was  performed 
instead.  This  latter  test  was  found  to  be  more  reliable  and  informative,  as  it  is  identifying 
the  positive  clones  and  estimating  the  level  of  IGF-IR  expression  on  the  cell  surface. 

Thus,  the  applied  strategies  resulted  in  a  successful  generation  of  the  unique 
collection  of  MCF-7  breast  cancer  epithelial  cells  overexpressinq  the  mutant,  presumably 
dominant  negative,  forms  of  the  IGF-IR. 

Part  II:  Evaluation  of  IGF-IR  number  in  the  mutant  clones. 

From  the  groups  of  FACS-positive  MCF-7  clones,  the  clones  with  the  maximal 
fluorescence  of  the  IGF-IR  were  chosen  and  designated  as: 

MCF-7,  TC,  -  with  truncated  C-terminus, 

MCF-7,  YF3,  --  with  mutated  kinase  domain, 

MCF-7,  KR,  -  with  inactive  ATP-binding  site. 
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The  clones  overexpressing  the  wild  type  IGF-IR  and  the  ones  transfected  with  control 
pcDNA3  plasmid  are  referred  as  MCF-7,  WT  and  MCF-7,  NEO,  respectively. 

To  compare  IGF-IR  level  in  clones  overexpressing  the  wild  type  and  mutant  receptors, 
FACS  analysis  was  performed  using  an  anti-IGF-IR  monoclonal  antibody  (IGF-IR  mAb) 
(Oncogene  Science)  (Fig.1).  The  approximate  number  of  the  IGF-IR  per  cell  was 
estimated  as  a  function  of  the  relative  fluorescence  (Table  2). 

MCF-7  MCF-7,  NEO  MCF-7,  WT  MCF-7,  TC  MCF-7,  YF3  MCF-7,  KR 


Relative  Fluorescence 


Fig.  1.  Comparative  analysis  of  the  MCF-7-derived  clones  expressing  the  wild  type  and 
mutant  IGF-IRs.  Abscissa:  Relative  fluorescence;  ordinate:  Cell  number.  The  representative 
results  of  two  experiments  are  shown. 


Cell  type 

MCF-7 

MCF-7, 

YF3 

MCF-7, 

KR 

m 

1.0 

1.0 

4.8 

2.3 

7.8 

4.7 

I 

0.06 

0.06 

1.10 

-0.13 

-1.80 

-1.00 

Table  2.  Estimation  of  the  IGF-IR  level  in  MCF-7  cell  transfectants.  K  facs  represents  a  ratio 
of  the  relative  fluorescence  mean  in  a  population  of  5  x  10 3  of  transfectants  to  that  parameter  in 
MCF-7  cells.  The  number  of  the  IGF-IR  is  approximated  proportionally  to  K  Facs- 


FACS  analysis,  based  on  a  highly  specific  interaction  of  an  anti-IGF-IR  antibody  and  the 
specific  IGF-IR,  was  performed  instead  of  Scatchard  analysis.  Since  the  latter  may 
overestimate  the  levels  of  receptor  as  it  determines  the  number  of  total  ligand  binding 
sites,  including  those  of  high  affinity  representing  IGF-IRs  and  those  of  low  affinity 
representing  IGF-I  binding  proteins.  The  additional  advantages  of  FASC  analysis  are 
that  it  is  relatively  quick,  inexpensive  and  does  not  involve  the  usage  of  radioactive 
materials. 
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Therefore,  the  applied  approach  facilitated  characterization  of  IGF-IR  level  in  the 
mutant  MCF-7  clones. 

Part  III:  Characterization  of  IGF-IR  signaling  in  the  mutant  clones. 

The  IGF-IR  is  a  receptor  type  tyrosine  kinase,  in  which  autophosphorylation  of  the 
transmembrane  beta  subunit  is  increased  upon  binding  of  IGF-I.  Being  activated,  the 
IGF-IR  recruites  and  phosphorylates  several  substrates.  Among  them,  the  major 
substrates  are  insulin  receptor  substrate  1  (IRS-1)  and  src-homology/collagen  proteins 
(SHC,  p46  and  p52).  When  tyrosine  phosphorylated,  IRS-1  molecules  attract  multiple 
signaling  proteins  including  the  regulatory  subunit  of  phosphatidylinositol  3  (PI3)-kinase 
(p85)  and  the  adaptor  molecules  such  as  Grb2,  Crk,  Nek  that  constitute  the  scaffold  of 
the  IGF-IR  signal  transduction  cascade.  Tyrosine  phosphorylated  SHC  proteins  also 
bind  to  Grb2.  Most  of  the  adaptor  molecules  stimulate  the  mitogen-activated  protein 
(MAP)  kinase  pathway.  In  particular,  induction  of  the  IGF-IR  signaling  cascade  results  to 
rapid  activation  of  Erkl  and  Erk2  kinases,  which  are  implicated  in  mitogenesis. 

To  identify  which  of  IGF-IR  signaling  pathways  are  impaired  or  blocked  in  MCF-7 
mutant  clones,  the  activity  of  the  best  known  elements  of  the  IGF-IR  signaling  cascade 
were  investigated  (Fig.  2).  The  level  of  IGF-l-induced  tyrosine  phosphorylation  of  the 
IGF-IR  and  its  two  major  substrates,  IRS-1  and  SHC  was  measured  by  Western  blotting. 
Briefly,  subconfluent  cells  were  serum  starved  for  24  hours,  then  incubated  in  either 
serum-free  medium  (SFM)  alone  or  SFM  supplemented  with  50  ng/ml  IGF-I  for  5 
minutes.  Cell  lysates  containing  300  |xg  of  the  total  protein  were  incubated  with  one  of 
the  following  antibodies:  an  anti-IGF-IR  mAb  (Oncogene  Science),  an  anti-IRS-1  pAb 
(UBI),  or  an  anti-SHC  pAb  (Transduction  Laboratories).  The  precipitated  proteins  were 
resolved  by  PAGE,  transferred  onto  the  nitrocellulose  filter,  and  hybridized  with  an  anti- 
phosphotyrosine  antibody  (Santa  Cruz).  The  amount  of  the  precipitated  proteins  was 
measured  in  the  anti-phosphotyrosine  blots  after  stripping  and  re-probing  with  either  an 
anti-IGF-IR  p  pAb  (Santa  Cruz),  an  anti-IRS-1  pAb  (UBI),  or  an  anti-SHC  mAb  (Santa 
Cruz). 

To  study  the  activation  of  the  PI3-kinase  signaling,  which  is  one  of  the 
downstream  IGF-IR/IRS-1-mediated  pathways,  the  interaction  between  the  PI3-kinase 
regulatory  subunit  (p85)  and  IRS-1  was  analyzed.  In  parallel  experiments,  the 
association  of  the  adaptor  molecule  Grb2  and  SHC,  known  to  promote  Ras/MAP  kinase 
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mitogenic  cascade  was  examined.  The  protein  levels  of  IRS-1-  and  SHC-associated 
molecules  were  determined  after  stripping  of  IRS-1  and  SHC  blots  and  re-probing  with 
an  anti-PI 3-kinase  (p85)  pAb  (UBI)  and  an  anti-Grb2  mAb  (Transduction  Laboratories), 
respectively. 

The  activity  of  MAP  kinases  (Erkl  and  Erk2)  was  assessed  in  the  whole  lysates 
by  immunoblotting  with  an  anti-active  MAPK  antibody  (Promega).  The  protein  levels  of 
MAP  kinases  were  detected  in  the  same  blots  after  stripping  and  re-probing  with  an  anti- 
Erkl  pAb  (Santa  Cruz). 


MCF-7,  MCF-7,  MCF-7,  MCF-7,  MCF-7, 


Fig.  2.  IGF-IR  signaling  in  the  mutant  clones.  The  summarized  data  on  the  activity  of  the  IGF- 
IR  signaling  molecules  are  shown.  Each  panel  is  representative  of  two  separate  experiments. 
Protein  level  of  IRS-1  was  similar  in  all  transfectants.  The  corresponding  blot  is  not  shown 
because  it  has  a  heavy  background.  Anti-Erkl  pAb  recognized  both  Erkl  and  Erk2  proteins. 

The  IGF-IR  protein  level  in  MCF-7JC  precipitates  was  slightly  higher  then  that  found  in 
MCF-7, NEO  cells,  which  corresponded  with  the  results  of  FACS  analysis.  In  these 
mutant  cells,  IGF-l-induced  tyrosine  phosphorylation  of  the  IGF-IR  and  IRS-1  as  well  as 
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the  amount  of  I RS-1 -associated  PI3-kinase  resembled  the  correspondent  levels  in  MCF- 
7,NEO  cells.  In  contrast,  tyrosine  phosphorylation  of  SHC  was  not  induced  in  response 
to  IGF-I,  and  Grb2  binding  to  SHC  was  barely  detectable,  suggesting  at  least  partial 
block  of  SHC-activated  pathwav/s  in  MCF-7.TC  cells. 

In  MCF-7, KR  precipitates,  the  amount  of  the  IGF-IR  protein  was  found  to  be  similar  to 
that  seen  in  MCF-7,WT  cells  ,  however,  IGF-l-induced  tyrosine  phosphorylation  of 
thelGF-IR  p-subunit,  IRS-1  and  SHC  was  lower  then  that  in  cells  overexpressing  the  wild 
type  IGF-IR.  These  results  suggest  that  in  MCF-7.KR  mutants.  IRS-1/PI3-kinase- 
deoendent  signaling  is  significantly  reduced  (it  is  lower  then  in  the  parental  MCF-7  cells) 
and  SHC/Grb2  function  is  considerably  blocked. 

MCF-7, YF3  mutants  expressed  almost  twice  as  much  of  the  IGF-IR  protein  then  MCF- 
7,WT  cells.  It  is  most  likely  that  due  to  the  extremely  high  dominant-negative  receptor 
expression  the  kinase  activity  of  the  endogenous  IGF-IR  was  completely  blocked  in 
MCF-7, YF3  cells.  Indeed,  IGF-I  stimulation  increased  neither  IGF-IR 
autophosphorylation  nor  phosphorylation  of  the  receptor  substrates. 

IGF-l-promoted  MAP  kinase  activity  was  reduced  in  MCF-7.KR  mutant  cells  compare  to 
MCF-7.WT  cells.  Activation  of  MAP  kinases  by  IGF-I  was  completely  abrogated  in  MCF- 
7.YF3  cells.  Interestingly,  in  these  cells  the  basal  Erk2  but  not  Erkl  kinase  was 
moderately  activated  and  sustained  at  this  level  even  after  IGF-I  stimulation.  In  MCF- 
7.TC  mutants  the  extent  of  MAPK  activation  was  indistinguishable  from  that  seen  in 
control  MCF-7. NEO  cells. 

Part  IV:  Aggregation  of  the  mutant  clones. 

The  aggregation  of  the  clones  expressing  different  mutant  IGF-IRs  was  compared  with 
that  in  cells  expressing  the  similar  amount  of  the  wild  type  IGF-IR.  Cells  were  tested  in 
Matrigel  outgrowth  assay  where  cells  grew  on  the  top  of  extracellular  matrix  (ECM) 
consisting  of  the  major  basement  membrane  components.  This  assay  represents  a 
closest  in  vitro  model  for  tumor  growth  in  vivo.  Briefly,  a  cell  suspension  was  plated  on 
Matrigel  (Biocoat)  into  24-well  plates  (2  x  10  4  cells/well).  The  cells  were  maintained  in  a 
regular  culture  medium  (DMEM/F12)  supplemented  with  5%  of  calf  serum.  On  day  14 
after  plating,  the  amount  of  aggregates  of  the  certain  size  was  directly  counted  under  the 
microscope  with  an  ocular  ruler  (Table  3).  The  morphology  of  aggregates  was 
photographed  at  day  21  (Fig.  3). 
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Cell  type 

MCF-7, 

NEO 

MCF-7, 

WT 

MCF-7, 

TC 

MCF-7, 

YF3 

MCF-7, 

KR 

Number  of 

aggregates/ 

well, 

size  ^150  pm 

109 

182 

86 

150 

101 

Number  of 

aggregates/ 

well, 

size  ^300  pm 

79 

111 

3 

34 

2 

Table  3.  Measurement  of  size  and  amount  of  aggregates  in  MCF-7  cells  overexpressing 
different  mutant  IGF-IRs.  The  average  of  two  independent  experiments  with  duplicates  is 
presented. 


The  cells  overexpressing  the  wild  type  IGF-IR  being  plated  on  Matrigel  formed  generally 
more  aggregates  and  of  the  bigger  sizes  then  the  parental  cells.  The  increased 
expression  of  the  mutant  IGF-IRs  in  MCF-7  cells  resulted  to  the  essential  reduction  in 
the  amount  of  aggregates  especially  of  a  size  ^300  pm:  96%,  70%,  98%  inhibition  was 
observed  in  TC,  YF3  and  KR  clones  of  MCF-7  cells,  respectively. 


MCF-7, NEO  MCF-7, WT 


MCF-7, TC 


MCF-7, YF3 


m 


MCF-7, KR 


Fig.  3.  Morphology  of  aggregates  of  MCF-7  cells  overexpressing  the  mutant  IGF-IRs. 

Representative  phase-contrast  micrographs  are  shown.  Scale  bar,  150  pm. 

Therefore,  MCF-7  cells  overexpressing  the  mutant  IGF-IR  with  inactivated  kinase 
function  were  less  capable  of  forming/supporting  aggregates.  These  data  strongly  point 
to  the  conclusion  that  IGF-IR  catalytic  activity  is  crucial  for  development  of  aggregates 
bv  cells  grown  on  extracellular  matrix.  In  addition,  the  C-terminal  domain  is  necessary  to 
stimulate  cell-cell  adhesion. 
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Part  V:  Analysis  of  IGF-IR/E-cadherin  association  in  the  mutant  clones. 


\ 


> 


In  MCF-7  cells  expressing  the  wild  type  IGF-IR,  E-cadherin  and  its  associated  proteins 
from  the  catenin  family  were  found  in  IGF-IR  precipitates  (12).  Furthermore,  in  cells 
overexpressing  the  IGF-IR,  greater  amounts  of  this  receptor  associated  with  E-cadherin 
relatively  to  the  parental  cells  (13).  In  order  to  analyze  whether  the  mutant  IGF-IRs 
interact  with  adhesion  molecules,  the  amount  of  E-cadherin  and  p-catenin  was 
measured  in  IGF-IR  precipitates  of  MCF-7  mutants  (Fig.  4). 


MCF-7,  MCF-7,  MCF-7,  MCF-7,  MCF-7, 

NEO  WT  TC  YF3  KR 

■i-  ■■  "  11  ■  BLOT: 


IGF-IR 

n  M  “  * 

—  PY 

—  IGF-IRP 

•  -  - !  fc?  H  irt 

—  E-cadherin 

—  p-catenin 

IGF-I 

+ 

1 

+ 

1 

+ 

1 

+ 

1 

+ 

1 

i 

Fig.  4.  Association  of  the  mutant  IGF-IRs  with  E-cadherin/p-catenin.  The  IGF-IR  tyrosine 
phosphorylation  and  protein  level  was  measured  by  immunoblotting  with  anti-phosphotyrosine 
and  anti-IGF-IRp  antibodies,  respectively. 

Briefly,  serum-starved  cells  were  treated  with  50  ng/ml  IGF-I  for  5  minutes  and  lysed. 

The  IGF-IR  was  precipitated  with  an  anti-IGF-IR  mAb  (Oncogene  Science)  from  300  pg 
of  protein  from  unstimulated  and  IGF-l-stimulated  cells.  The  amount  of  co-precipitated  E- 
cadherin  and  p-catenin  was  assessed  by  Western  blotting  with  an  anti-E-cadherin  mAb 
(Transduction  Laboratories)  and  p-catenin  anti-serum  (Sigma),  respectively. 

As  expected,  the  increased  amounts  of  E-cadherin  and  p-catenin  were  co-precipitated 
with  the  IGF-IR  in  MCF-7, WT  relatively  to  the  control  MCF-7, NEO  cells.  Interestingly,  in 
cells  overexpressing  the  mutant  forms  of  the  IGF-IR,  the  considerably  increased 
amounts  of  the  adhesion  molecules  were  also  found  in  IGF-IR  precipitates. 
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Therefore,  the  alterations  in  the  IGF-IR,  at  least  the  mutations  and  truncation  studied 
here,  appeared  not  to  block  the  IGF-IR/E-cadherin  association.  Additionally,  this 
interaction  seemed  to  be  independent  on  the  tyrosine  phosphorylation  status  of  the  IGF- 
IR.  Possibly,  protein  modifications  other  then  phosphorylation  on  tyrosine  residues  are  of 
critical  importance  for  the  maintenance  of  the  interaction  between  the  IGF-IR  and  E- 
cadherin  complexes.  Further  analysis  should  also  clarify  whether  a-catenin,  the  protein 
coupling  the  adherence  molecules  to  the  actin  cytoskeleton,  is  associated  with  the 
mutant  IGF-IRs. 


AIM  3.  To  explore  the  role  of  antiestrogens  in  cell  aggregation, 
I  investigated  the  effect  of  a  non-steroidal  antiestrogen 
Tamoxifen  on  IGF-IR-mediated  functions. 

Part  I.  Effect  of  Tamoxifen  on  cell  aggregates. 

To  evaluate  the  potential  influence  of  Tamoxifen  on  cell  aggregation  and  growth  in 
aggregates,  the  three-dimensional  cultures  of  MCF-7  and  MCF-7  cells  overexpressing 
the  wild  type  IGF-IR  (50-times  increase)  were  exposed  to  a  prolonged  Tamoxifen 
treatment.  Briefly,  a  cell  suspension  of  2  x  10 4  cells  in  culture  medium  was  plated  into 
24-well  plates  coated  with  the  extracellular  matrix  (Matrigel).  After  5  days,  the  medium 
was  substituted  by  SFM  (control)  and  SFM  containing  either  50  ng/ml  IGF-I  or  10  nM 
Tamoxifen.  Cells  were  photographed  after  one  week  of  treatment  (Fig. 5). 
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MCF-7 


MCF-7,  WT 


SFM 


IGF-I, 

50ng/ml 


Tamoxifen 

10nM 


Fig.  5  The  representative  morphology  of  the  aggregates  grown  on  Matrigel  and  treated 
with  either  IGF-I  or  Tamoxifen  for  7  days.  Scale  bar,  100  urn. 

In  these  experiments  IGF-I  promoted  the  appearance  of  huge  aggregates,  whose  sizes 
were  technically  difficult  to  measure  because  of  their  irregular  shape.  In  contrast, 
Tamoxifen  treatment,  especially  of  MCF-7  cells  with  amplified  IGF-IR,  caused  the 
prominent  reduction  of  aggregate  sizes  from  250-300  pm  (in  control  cells  in  SFM)  to  80- 
100  pm  (in  Tamoxifen-treated  cells)  on  the  average.  Thus,  unexpectedly,  in  non-invasive 
MCF-7  breast  cancer  cells.  Tamoxifen  did  not  improve  the  aggregation  but  rather 
reduced  growth  and/or  survival  of  cells  grown  on  Matrigel. 
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Part  II.  Effect  of  Tamoxifen  on  cell  growth  in  monolayer. 


\ 
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To  test  growth  inhibitory  effect  of  Tamoxifen  on  the  cells  with  amplified  IGF-IR  signaling, 
the  monolayer  growth  of  MCF-7  and  MCF-7.WT  cells  (with  8-and  50-fold  overexpression 
)  was  examined  in  the  presence  of  Tamoxifen.  Subconfluent  cells  were  treated  with 
Tamoxifen  for  4  days  (see  Ref.  18  for  technical  details).  Dose-dependence  assay  with  a 
range  of  drug  concentration  0.1-100  nM  revealed  that  10  nM  Tamoxifen  suppressed  the 
growth  of  all  tested  cell  lines  by  45-60%,  regardless  the  level  of  IGF-IR  magnification 
(see  Fig.  1  in  Ref.  18). 

Part  III.  Effect  of  Tamoxifen  on  IGF-IR  signaling. 

The  potential  influence  of  Tamoxifen  on  the  intercellular  IGF-IR  signaling  was 
investigated  in  the  cells  whose  growth  in  monolayer  was  reduced  by  subtoxic  dose  of 
Tamoxifen  (10  nM).  The  growth  inhibitory  activity  of  Tamoxifen  was  accompanied  by 
downregulation  of  IGF-l-induced  tyrosine  phosphorylation  of  the  IGF-IR  and  inhibition  of 
basal  and  IGF-l-induced  tyrosine  phosphorylation  of  IRS-1  molecules.  Moreover, 
Tamoxifen  reduced  I RS-1 -associated  PI3-kinase  activity,  at  least  partially  due  to  a 
decreased  binding  of  the  regulatory  subunit  (p85)  to  IRS-1.  Interestingly,  in  Tamoxifen- 
treated  cells,  Grb2  association  with  IRS-1  was  notably  reduced,  while  association  of  Grb 
2  with  another  IGF-IR  substrate  SHC  was  considerably  enhanced  (detailed  results  are 
presented  in  Ref.  18). 

Part  IV.  Effect  of  a  pure  antiestrogen  IC1 182, 780  on  IGF-IR  signal  transduction. 

In  a  collaborative  work  with  the  Department  of  Cellular  Biology  at  the  University  of 
Calabria,  Italy,  we  have  begun  the  study  on  the  effect  of  a  pure  antiestrogen  ICI  182,780 
on  IGF-IR  signaling.  We  have  shown  that  this  drug  in  a  dose-dependent  manner 
inhibited  the  basal  and  IGF-l-induced  growth  of  MCF-7  clones  overexpressing  the  IGF- 
IR,  IRS-1  and  SHC.  Remarkably,  the  overexpression  of  IRS-1  molecule  endowed  the 
cells  with  the  enhanced  resistance  to  IC1 182.780  cytostatic  effect.  By  Northern  and 
Western  blotting,  it  was  shown  that  antiestrogen  IC1 182.780  reduced  IRS-1  protein 
expression  and  tyrosine  phosphorylation,  which  in  turn  resulted  in  decreased  binding  of 
p85  (PI3-kinase)  and  Grb2  to  IRS-1  (see  submitted  manuscript  in  appendix). 
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CONCLUSIONS 


The  elucidation  of  the  regulatory  mechanisms  governing  cell-cell  adhesion  and  three- 
dimensional  growth  are  of  a  great  importance  for  understanding  and  controlling  the 
processes  of  tumor  cell  spreading  and  metastasis.  The  purpose  of  the  presented  work 
was  to  evaluate  the  functional  role  of  IGF-IR  signaling  and  the  potential  effect  of 
antiestrogens  on  breast  cancer  cell  aggregation.  Summing  up  the  results,  the  following 
conclusions  can  be  drawn: 

•  In  this  study,  the  unique  model  consisting  of  MCF-7  human  breast  cancer  cells 
overexpressing  a  partially  or  totally  inactivated  IGF-IR  was  developed  and 
characterized. 

•  The  comparative  analysis  of  breast  cancer  cells  overexpressing  the  wild  and 
mutant  forms  of  IGF-IR  demonstrated  the  critical  importance  of  IGF-IR 
signaling  in  the  development  of  the  multicellular  aggregates. 

•  For  the  first  time,  it  was  established  that  the  IGF-IR  tyrosine  kinase  contributed 
into  regulation  of  breast  cancer  cell  aggregation  in  three-dimensional  culture. 

•  Additionally,  this  study  revealed  that  the  activation  of  the  functional  kinase 
domain  as  well  as  the  C-termina!  region  of  the  IGF-IR  played  a  regulatory  role 
in  aggregation  of  breast  cancer  cells. 

•  In  non-invasive  breast  cancer  cells,  antiestrogen  Tamoxifen  was  found  to 
diminish  IGF-IR/IRS-1  signaling,  inhibit  cell  growth  in  monolayer,  and  reduce 
the  size  of  tumor  cell  aggregates  in  vitro. 

The  generated  MCF-7  cells  overexpressing  the  wild  and  mutant  types  of  IGF-IR 
will  certainly  serve  as  a  valuable  model  for  the  further  studies  on  the  mechanisms 
of  IGF-IR-regulated  cell  aggregation  in  breast  cancer  cells. 

Indeed,  cell  aggregation  itself  is  a  complex  and  multistep  process.  Firstly,  cells  plated  on 
Matriael  interact  with  the  elements  of  the  ECM.  secondly,  they  develop  locomotive 
reactions,  which  allow  them  to  crawl  over  substratum,  then  contact  each  other  via  cell 
junctions,  aggregate,  and,  eventually,  grow  as  a  three-dimensional  culture.  Our  future 
investigations  should  clarify,  which  of  those  intermediate  steps  of  cell  aggregation  are 
affected  bv  IGF-IR  signaling  in  breast  cancer  cells. 
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The  insulin-like  growth  factor  I  receptor  (IGF-IR) 
paracrine  or  autocrine  loop  plays  an  important  role  in 
the  maintenance  of  breast  cancer  growth.  Cancer  cells 
contain  several-fold  higher  levels  of  the  IGF-IR  than 
normal  breast  tissue;  however,  it  is  still  not  clear 
whether  abnormally  high  activation  of  IGF-IR  signal¬ 
ing  may  induce  progression  of  the  disease.  To  address 
this  question,  we  have  established  several  MCF-7-de- 
rived  clones  (MCF-7/IGF-IR  cells)  overexpressing  the 
IGF-IR.  We  report  here  that  overexpression  of  the  IGF- 
IR  did  not  modify  sensitivity  of  cells  to  IGF-I;  however, 
responsiveness  to  the  ligand  was  moderately  enhanced 
in  most  of  the  MCF-7/IGF-IR  clones  (measured  by  [3H ]- 
thymidine  incorporation  into  DNA).  All  MCF-7/IGF-IR 
clones  responded  to  the  synergistic  action  of  I  nAf  estra¬ 
diol  (E2)  and  small  amounts  of  IGF-I  (up  to  0.8  ng/ml). 
Exposure  of  cells  to  higher  concentrations  of  IGF-I  abol¬ 
ished  estrogen  requirements  for  stimulation  of  DNA 
synthesis  in  all  MCF-7/IGF-IR  clones,  but  not  in  the  pa¬ 
rental  cells.  The  most  important  finding  of  this  work 
was  that  the  amplification  of  the  IGF-IR  induced  cell¬ 
cell  adhesion  in  MCF-7  cells.  High  levels  of  the  IGF-IR 
promoted  cell  aggregation  on  Matrigel,  allowed  prolif¬ 
eration  of  cells  within  the  aggregates,  and  protected 
clustered  cells  from  death.  In  both  MCF-7  and  MCF-7/ 
IGF-IR  cells,  IGF-I  stimulated  aggregation,  whereas  an 
anti-E  cadherin  antibody  blocked  cell-cell  adhesion. 
Furthermore,  immunofluorescence  staining  with  spe¬ 
cific  antibodies  revealed  co-localization  of  the  IGF-IR 
and  E -cadherin  at  the  points  of  cell -cell  contacts.  More¬ 
over,  the  IGF-IR  and  its  two  substrates,  insulin  receptor 
substrate  1  and  SHC,  were  contained  within  the  E-cad- 
herin  complexes.  Our  results  suggest  that  overex¬ 
pressed  IGF-IRs,  by  promoting  the  aggregation, 
growth,  and  survival  of  breast  cancer  cells,  may  acceler¬ 
ate  the  increase  of  tumor  mass  and  may  also  prevent 
cell  scattering.  ©  1997  Academic  Press 
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INTRODUCTION 

The  insulin-like  growth  factor  I  receptor  (IGF-IR)2 
belongs  to  the  tyrosine  kinase  receptor  superfamily  [1]. 
Upon  ligand  binding,  the  intrinsic  tyrosine  kinase  of 
the  IGF-IR  is  activated,  which  results  in  the  immediate 
tyrosine  phosphorylation  of  several  cellular  substrates. 
Two  well-characterized  substrates  are  insulin  receptor 
substrate-1  (IRS-1)  and  SHC  [2-5].  Both  act  as  docking 
proteins,  recruiting  different  effector  molecules  and  ac¬ 
tivating  multiple  signaling  systems,  for  instance,  the 
pathways  of  Ras  or  PI-3  kinase.  Ultimately,  some  of 
the  IGF-IR-induced  signals  stimulate  nuclear  events, 
while  others  are  involved  in  the  reorganization  of  cell 
morphology  [2-9]. 

Several  lines  of  evidence  support  an  important  role 
of  the  IGF  system  (the  IGF-IR,  its  ligands,  and  IGF- 
binding  proteins)  in  breast  cancer.  IGF-I  and  IGF-II 
are  potent  mitogens  for  cultured  breast  cancer  cells  [10] 
and  the  levels  of  the  IGF-IR  are  significantly  higher  in 
breast  tumors  than  in  normal  breast  tissue  [11].  In 
primary  breast  cancer,  a  correlation  has  been  found 
between  tumor  size,  the  levels  of  IRS-1,  and  recurrence 
of  the  disease  [12].  In  estrogen-responsive  breast  can¬ 
cer  cells,  physiological  concentrations  of  estradiol  (E2) 
upregulate  the  expression  of  IGF-IRs  [13,  14],  IGF-II 
[15],  and  certain  binding  proteins  [16].  On  the  other 
hand,  overexpression  of  IGF-II  or  IRS-1  renders  cells 
estrogen-independent  [14,  17].  Most  importantly, 
blockade  of  the  IGF-IR  autocrine  or  paracrine  loop  with 
anti-IGF-IR  antibodies,  excess  of  IGF-binding  protein, 
antisense  RNA  against  IGF-IR,  or  antisense  oligonu¬ 
cleotides  against  IRS-1  inhibits  breast  cancer  growth 
in  vitro  or  in  vivo  [14,  18-20]. 

The  role  of  the  IGF-IR  in  the  metastasis  of  mammary 
tumor  is  not  clear.  In  mouse  mammary  carcinoma,  cells 

2  Abbreviations  used:  E2,  17-/?-estradiol;  FACS,  fluorescence-as¬ 
sisted  cell  sorting;  IGF-I,  insulin-like  growth  factor  I;  IGF-IR,  IGF- 
I  receptor;  IRS-1,  insulin  receptor  substrate  1;  MCF-7/IGF-IR,  MCF- 
7  cells  overexpressing  IGF-IRs;  NS,  statistically  nonsignificant;  PCR, 
polymerase  chain  reaction;  SFM,  serum-free  medium;  PRF-SFM, 
phenol  red-free  SFM. 
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wit^i  higher  levels  of  IGF-IRs  are  more  metastatic  [21]. 
On  the  other  hand,  based  on  the  studies  on  IGF-IR 
content  in  breast  tumors,  it  has  been  postulated  that 
higher  levels  of  the  receptor  are  associated  with  a  more 
favorable  clinical  outcome  and  may  reflect  a  more  dif¬ 
ferentiated  breast  cancer  phenotype  111]. 

It  is  well  established  that  in  breast  cancer  cells,  the 
acquisition  of  a  metastatic  phenotype  may  be  related 
to  deterioration  or  deactivation  of  adherens-type  cell 
junctions.  These  types  of  junctions  are  structured 
around  transmembrane  cadherin  proteins  [22—26]. 
The  strength  of  cadherin-mediated  adhesion  is  regu¬ 
lated  by  different  cytoplasmic  catenins  which  connect 
cadherins  to  the  actin  filament  network  [24].  E-cad- 
herin  is  often  expressed  in  breast  epithelial  cells  [22— 
24]  and  its  presence  usually  correlates  with  a  nonmeta¬ 
static  phenotype  [23-25].  On  the  other  hand,  loss  or 
downregulation  of  E-cadherin  has  been  observed  in 
several  metastatic  breast  cancer  cell  lines  [23-25].  In 
several  studies,  restoration  of  E-cadherin  function,  by 
overexpression  of  this  molecule  or  by  treatment  with 
growth  factors  or  other  compounds,  resulted  in  in¬ 
creased  adhesion  and  reduced  metastasis  [26-29]. 
Thus,  an  invasion  suppresser  role  for  E-cadherin  has 
been  postulated  [28]. 

Here  we  report  that  in  MCF-7  breast  cancer  cells, 
overexpressed  IGF-IRs  reduce  estrogen  requirements 
for  growth  and  enhance  responsiveness  to  low  concen¬ 
trations  of  IGF-I  in  the  presence  of  E2.  We  also  demon¬ 
strate  that  high  levels  of  the  IGF-IR  promote  cell-cell 
adhesion,  allow  proliferation  of  cells  within  aggregates, 
and  protect  clustered  cells  from  death. 

MATERIALS  AND  METHODS 

IGF-IR  expression  plasmid.  The  pcDNA3/IGF-IR  expression  vec¬ 
tor  contains  a  full  human  IGF-IR  cDNA  [11  cloned  into  Xho-Xba 
polylinker  sites  of  the  pcDNA3  expression  plasmid  (Invitrogen).  The 
expression  of  IGF-IR  cDNA  is  driven  by  the  CMV  promoter.  The 
plasmid  also  encodes  a  neomycin  resistance  gene. 

Development  of  cell  lines  and  cell  culture  conditions .  MCF-7  cells 
were  routinely  grown  in  DMEM:F12  (1:1)  containing  5%  CS.  In  ex¬ 
periments  that  required  estrogen-free  conditions,  cells  were  cultured 
'  in  phenol  red-free  DMEM  containing  0.5  mg/ml  BSA,  1  pM  FeS04, 
and  2  m M  L-glutamine  (PRF-SFM). 

The  MCF-7/IGF-IR  cell  lines  used  in  this  study  were  developed 
by  stable  transfection  with  plasmids  pcDNA3/IGF-IR  or  pcDNA3, 
followed  by  selection  in  medium  containing  2  mg/ml  G418.  The  neo¬ 
mycin-resistant  clones  were  then  screened  by  PCR.  MCF-7/IGF-IR 
clones  were  maintained  in  culture  for  no  longer  than  3  months  in 
the  above  medium  with  addition  of  200  /ig/ml  G418. 

PCR.  The  incorporation  of  the  IGF-IR  cDNA  into  MCF-7  cells’ 
genome  was  assessed  by  PCR.  Briefly,  DNA  was  isolated  from  1000 
to  10,000  cells.  A  fragment  of  the  IGF-IR  DNA  was  amplified  using 
the  following  primers:  upstream  primer  (located  in  the  exon  I  of  the 
IGF-IR  coding  sequence)  5'-AAG  GAA  TGA  AGT  CTG  GCT  CC-3'; 
downstream  primer  5'-CTC  GAT  CAC  CGT  GCA  GTT  CT-3 r  (in  exon 
II).  Using  these  primers  we  were  able  to  discriminate  between  the 
endogenous  and  the  transfected  IGF-IR  DNAs.  The  conditions  of 
PCR  were  35  cycles  of  denaturation  at  94°C  for  1  min,  annealing  at 


55°C  for  1  min,  extension  at  72°C  for  1  min;  the  last  extension  was 
for  6  min.  The  size  of  the  DNA  fragment  amplified  from  the  trans¬ 
fected  IGF-IR  cDNA  was  170  bp. 

FACS.  To  estimate  the  level  of  the  IGF-IR  in  each  of  the  MCF-7/ 
IGF-IR  clones,  we  used  fluorescence-activated  flow  cytometry  sorting 
(FACS)  [30].  Briefly,  the  cells  were  cultured  for  3  days  in  PRF-SFM 
(to  downregulate  endogenous  receptors).  Then  the  cells  were  trypsin- 
ized,  washed  with  ice-cold  PBS,  and  incubated  for  30  mm  at  4  C 
in  PBS  containing  10  pg/m\  of  an  anti-IGF-IR  antibody  <alpte-R3, 
Oncogene  Science).  Next,  the  cells  were  washed  with  ice-co  d  PBS 
and  incubated  in  the  dark  for  30  min  at  4°C  with  2  pg/m\  of  an 
FITC-conjugated  goat  anti-mouse  IgG  (Oncogene  Science).  Unbound 
antibody  was  removed  by  washing  with  PBS  and  the  level  of  fluores¬ 
cence  was  determined  with  EPICS  Profile  Analyzer.  The  primary 
antibody  was  omitted  in  control  experiments. 

Scatchard  analysis.  The  number  of  the  IGF-IR  and  ligand/recep¬ 
tor  dissociation  constant  was  determined  by  ligand  replacement 
assay  [30].  Briefly,  the  cells  were  plated  at  1  x  10s  cells  per  well  in 
a  12-well  plate  in  DMEM:F12  containing  5%  CS.  Next  day,  the  cells 
were  shifted  to  PRF-SFM  for  3  days.  Then,  the  cells  were  washed 
with  DMEM  and  incubated  for  6  h  at  4°C  in  binding  buffer  [30] 
containing  0.1  n Af  l25I-IGF-I  (NEN/DuPont)  and  increasing  concen¬ 
trations  of  unlabeled  IGF-I  (at  a  range  0.0-5.0  n Af ).  Next,  the  cells 
were  washed  three  times  with  PBS  containing  1  mg/ml  BSA  and 
lysed  with  0.03%  SDS.  Cell-bound  radioactivity  was  measured  using 
a  gamma  counter.  Nonspecific  binding  was  determined  in  the  pres¬ 
ence  of  33.0  nAf  unlabeled  IGF-I.  The  binding  characteristic  was 
analyzed  by  the  LIGAND  program.  For  all  tested  cell  lines,  the  best 
fit  of  binding  was  obtained  with  a  one-site  model. 

Binding  competition  assay.  The  IGF-I  binding  assay  was  per¬ 
formed  in  the  presence  of  insulin  [31],  The  cells  were  plated  and 
synchronized  in  SFM  as  described  for  Scatchard  analysis  and  then 
incubated  with  0.1  nAf  125I-IGF-I  and  unlabeled  insulin  at  concentra¬ 
tions  from  0.01  to  100  nAf.  The  same  amounts  of  unlabeled  IGF-I 
were  used  in  control  experiments.  The  amount  of  cell-bound  125I-IGF- 
I  was  determined  as  described  above. 

Western  blotting  and  immunoprecipitation.  The  levels  of  IGF-IR, 
IRS-1,  SHC,  and  E-cadherin,  as  well  as  the  levels  of  tyrosine  phos¬ 
phorylation  of  these  proteins,  were  measured  by  Western  blotting. 
The  cells  were  cultured  as  described  in  the  figure  legends  and  then 
lysed,  as  described  in  Refs.  [30,  32].  The  protein  lysate  (300-1000 
pg)  was  immunoprecipitated  with  an  appropriate  antibody.  The  fol¬ 
lowing  antibodies  were  used  for  immunoprecipitation:  for  IGF-IR,  an 
anti-IGF-IR  monoclonal  antibody  alpha-IR3  (Oncogene  Science);  for 
IRS-1,  an  anti-IRS-1  polyclonal  antibody  (UBI);  for  SHC,  an  anti- 
SHC  polyclonal  antibody  (Transduction  Laboratories);  and  for  E- 
cadherin,  an  anti-E-cadherin  monoclonal  antibody  (Transduction 
Laboratories).  The  immunoprecipitates  were  resolved  by  PAGE  and 
the  proteins  were  immunodetected  with  the  appropriate  antibody. 
For  IRS- 1,  SHC,  and  E-cadherin,  the  antibodies  were  the  same  as 
used  for  immunoprecipitation.  To  detect  the  IGF-IR,  we  used  an  anti- 
IGF-IR  polyclonal  antibody  (Santa  Cruz).  Tyrosine  phosphorylation 
of  the  above  proteins  was  detected  by  immunoblotting  with  an  anti- 
phosphotyrosine  monoclonal  antibody  PY20  (Transduction  Labora¬ 
tories).  The  amounts  of  proteins  were  estimated  by  laser  densitome¬ 
try  reading.  Tyrosine  phosphorylation  level  of  E-cadherin-associated 
proteins  was  measured  72  h  after  stimulation  (which  was  the  time 
necessary  to  complete  and  stabilize  cell -cell  aggregation). 

[3H]Thymidine  incorporation.  Cells  were  plated  into  96-well 
plates  at  a  concentration  of  1  X  104  cells  per  well  in  DMEM :F  12 
containing  5%  CS  and  were  grown  until  80%  confluent.  Then,  the 
medium  was  replaced  with  PRF-SFM  containing  10  nAf  tamoxifen 
(to  synchronize  the  cells  in  quiescence).  After  3  days,  the  cells  were 
washed  twice  with  PRF-SFM  and  incubated  in  PRF-SFM  supple¬ 
mented  with  different  amounts  of  IGF-I,  E2,  or  IGF-I  +  E2  for  18- 
20  h.  Next,  the  cultures  were  pulsed  with  0.5  /iCi/well  of  [3H]- 
thymidine  for  4  h.  The  amount  of  radioactivity  incorporated  into 
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trichloroacetic  acid-insoluble  material  was  counted  using  a  beta 
counter  (1209  Rackbeta,  Wallac).  The  stimulation  of  [3H]thymidine 
incorporation  into  DNA  was  calculated  as  follows:  cpm’s  obtained  in 
unstimulated  cells  (PRF-SFM)  were  taken  as  basal  value  equaling 
100%;  cpm’s  in  cells  stimulated  with  either  IGF-I,  E2,  or  IGF-I  +  E2 
were  expressed  as  the  percentage  increase  over  basal  level 

The  sensitivity  index  ED50  was  calculated  as  described  in  Ref.  [33]. 

S°ft  agar  assay.  The  anchorage-independent  growth  was  deter¬ 
mined  by  soft  agar  assay  as  described  previously  [14].  The  growth 
of  cells  was  tested  in  semisolid  DMEM:F12  medium  supplemented 
with  either  10  or  2%  FBS,  as  well  as  inPRF-SFM  supplemented 
with  200  ng/ml  IGF-I.  Colonies  of  a  size/greater  than  150  pm  were 
counted  after  2  and  3  weeks.  * 

Aggregation  on  Matrigel.  Matrigel  (Biocoat/Fisher)  was  reconsti¬ 
tuted  according  to  the  manufacturer’s  instructions.  The  matrix  (200 
Ml/well)  was  placed  in  a  24-well  plate  and  allowed  to  solidify.  A  cell 
suspension  of  2  X  104  cells  in  DMEM:F12  plus  5%  CS  was  plated  in 
each  well  and  cultured  for  up  to  21  days.  The  cultures  were  photo¬ 
graphed  at  Days  5  and  11.  At  Day  16,  the  cells  were  released  from 
the  matrix  using  Dispase  (Biocoat/Fisher),  stained  with  trypan  blue, 
and  counted  in  a  hemocytometer. 

In  several  experiments,  the  cells  were  cultured  on  Matrigel  in  the 
presence  of  50  ng/ml  IGF-I  to  assess  the  ligand-dependent  increase 
of  aggregation.  The  requirement  for  E-cadherin  was  tested  with  the 
anti-E-cadherin  antibody  HECD-1  (Zymed)  which  was  added  at  the 
time  of  plating  at  a  concentration  of  10  /ug/ml. 

Invasion  assay.  The  invasiveness  of  MCF-7/IGF-IR  cells  was 
studied  using  24-well  invasion  chambers  (Biocoat/Fisher).  Cells  (2  x 
104)  suspended  in  DMEM:F12  with  5%  CS  were  placed  in  the  upper 
chamber  and  cultured  for  24  or  48  h.  Lower  chambers  contained 
the  same  growth  medium.  The  number  of  cells  that  invaded  the 
extracellular  matrix  and  migrated  to  the  underside  of  the  chamber 
was  determined  by  direct  counting  (after  staining  with  0.5%  crystal 
violet).  In  several  experiments,  the  medium  in  the  lower  chamber 
was  supplemented  with  IGF-I  (50-200  ng/ml)  or  E2  (10  nM)  used 
as  chemoattractants. 

Immunofluorescence  microscopy.  The  double  staining  for  the  IGF- 
IR  and  E-cadherin  was  performed  on  monolayer  cultures  of  MCF-7 
and  MCF-7/IGF-IR  cells.  The  localization  of  the  IGF-IR  was  detected 
using  indirect  immunofluorescence,  as  recommended  by  Transduc¬ 
tion  Laboratories  (protocol  9).  Briefly,  70%  confluent  cells  grown  on 
glass  coverslips  were  fixed  for  10  min  at  room  temperature  (RT)  in 
3.7%  formaldehyde,  washed  with  PBS,  treated  with  0.2%  Triton  X- 
100  for  5  min,  and  then  blocked  in  0.2%  BSA  for  5  min.  The  fixed 
cells  were  incubated  for  1  h  at  RT  with  10  /ug/ml  of  a  rabbit  polyclonal 
anti-human  IGF-IR  antibody  (Santa  Cruz),  washed  with  PBS,  and 
incubated  with  an  anti-rabbit-lissamine/rhodamine-conjugated  goat 
IgG  (26  \x g/ml)  for  30  min.  The  localization  of  E-cadherin  determined 
on  the  same  slides  using  a  monoclonal  antibody  HECD-1  (10  /zg/ml) 
and  a  goat  anti-mouse  IgG-FITC-conjugated  (2  /xg/ml).  The  primary 
antibodies  were  omitted  in  control  experiments. 

Statistical  analysis.  The  statistical  evaluation  of  results  was 
done  using  ANOVA  single-factor  analysis  of  variance.  The  signifi¬ 
cance  level  was  taken  as  P  <  0.05. 


RESULTS 

Development  of  MCF-7 1  IGF-IR  clones.  The  MCF-7/ 
IGF-IR  clones  were  developed  by  stable  transfection  of 
MCF-7  cells  with  the  pcDNA3/IGF-IR  expression  vec¬ 
tor.  The  transfected  cells  were  selected  in  2  mg/ml 
G418.  Forty-four  G418-resistant  clones  were  analyzed 
by  PCR  to  detect  the  cells  with  the  integrated  IGF- 
IR  plasmid  and  by  FACS  to  identify  the  clones  that 


overexpressed  the  IGF-IR.  Ultimately,  five  MCF-7/ 
IGF-IR  clones  were  obtained,  designated  C-12,  C-34, 
C-21,  C-17,  and  C-15.  In  parallel,  by  stable  transfection 
of  MCF-7  cells  with  the  pcDNA3  vector,  we  generated 
control  clones  MCF-7/pc  2  and  MCF-7/pc  4. 

The  number  of  IGF-I  receptors  in  MCF-7/IGF-IR 
clones  was  determined  by  Scatchard  analysis  (Fig.  IB). 
The  cells  were  incubated  for  4  days  in  phenol  red-free 
serum-free  medium  (PRF-SFM)  to  ensure  downregula- 
tion  of  endogenous  IGF-IRs  in  the  absence  of  E2.  The 
IGF-IR  content  in  MCF-7/IGF-IR  clones  ranged  from 
0.5  X  1'06  to  3.0  x  106  receptors/cell,  which  represented 
an  8-  to  50-fold  increase  over  the  IGF-IR  level  in  MCF- 
7  cells  (0.6  x  10s  receptors/cell)  [14]  (Figs.  1A  and  B). 
The  number  of  receptors  in  the  control  MCF-7/pc  2  and 
pc  4  clones  was  slightly  lower  than  that  in  the  parental 
cells  (0.3  X  105  and  0.4  x  105  sites/cell,  respectively) 
but  the  differences  did  not  reach  statistical  signifi¬ 
cance.  The  dissociation  constant  (Kd)  in  all  clones  was 
in  the  range  of  Kd  values  reported  for  IGF-I/IGF-IR 
binding  [34-36]  (Fig.  1A).  In  addition,  in  order  to  rule 
out  the  possibility  that  the  increased  number  of  binding 
sites  was  due  to  selective  formation  of  IGF-I/insulin 
hybrid  receptors  [31],  binding  competition  assays  with 
insulin  were  performed.  In  the  all  MCF-7/IGF-IR 
clones,  IGF-I  binding  was  not  displaced  even  with  very 
high  (100  nM)  concentrations  of  insulin  (data  not 
shown). 

Figure  1C  demonstrates  the  IGF-IR  levels  in  MCF- 
7/IGF-IR  clones  by  FACS.  Compared  with  MCF-7  cells, 
the  increase  in  relative  IGF-IR  fluorescence  in  MCF-7/ 
IGF-IR  clones  was  from  2.5-  to  25.1-fold.  MCF-7/pc  2 
and  pc  4  clones  exhibited  fluorescence  similar  to  that 
in  MCF-7  cells  (0.9  and  0.95  of  the  level  in  the  parental 
cells). 

Additionally,  the  level  of  the  IGF-IR  protein  in  the 
developed  clones  was  assessed  by  immunoprecipitation 
and  subsequent  immunoblotting  with  an  anti-IGF-IR 
antibody  (Fig.  2A).  The  increase  of  the  IGF-IR  beta- 
subunit  in  the  clones  C-12,  C-34,  C-21,  C-17,  and  C-15 
compared  with  that  in  MCF-7  cells  was  2-,  5-,  7-,  10-, 
and  21-fold,  respectively  (estimated  by  laser  densitom¬ 
etry).  The  levels  of  IGF-IR  protein  in  clones  MCF-7/pc 
2  and  pc  4  were  similar  to  those  in  MCF-7  cells  and 
were  barely  detectable  by  Western  blotting  (not 
shown). 

In  MCF-7/IGF-IR  clones,  both  basal  and  IGF-I-in- 
duced  tyrosine  phosphorylation  of  the  IGF-IR  and  IRS- 
1  were  markedly  increased  compared  with  the  levels 
in  the  parental  cells.  The  representative  experiment, 
involving  clones  with  the  highest  overexpression  of  the 
receptor,  is  shown  in  Fig.  2B.  In  MCF-7/IGF-IR  clones 
15  and  17,  the  levels  of  tyrosine  phosphorylation  of  the 
IGF-IR  were  consistently  at  least  4-fold  higher  in  cells 
treated  for  5  min  with  IGF-I,  and  at  least  8-fold  higher 
under  SFM,  than  the  corresponding  levels  in  MCF-7 
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FIG.  1.  Characteristics  of  MCF-7/IGF-IR  clones.  (A)  Summary  of  parameters:  IGF-IR  number  (2VR),  dissociation  constant  Kd  (n M),  and 
relative  fluorescence  index  CKVacs).  Binding  parameters  were  determined,  and  FACS  analysis  was  performed,  as  described  under  Materials 
and  Methods.  KFACs  represents  the  fold  increase  of  the  relative  IGF-IR  fluorescence  in  MCF-7/IGF-IR  clones  over  that  in  MCF-7  cells.  (B) 
Scatchard  analysis.  Abscissa,  bound  IGF  (pM);  ordinate,  bound/free  IGF  x  10"2.  The  binding  experiments  for  each  clone  were  repeate  at 
least  three  times.  The  representative  Scatchard  plots  are  shown.  (C)  FACS  analysis.  Abscissa,  relative  IGF-IR  fluorescence,  ordinate,  ce 
number.  In  each  experiment,  5  X  103  of  cells  were  analyzed.  Each  analysis  was  performed  at  least  two  times.  The  representative  results 
are  shown.  In  control  experiments,  where  cells  were  stained  with  secondary  antibody  only,  the  level  of  fluorescence  was  undetectable. 


cells  (estimated  by  laser  densitometry).  The  tyrosine 
phosphorylation  of  IRS-1  was  also  more  pronounced  in 
MCF-7/IGF-IR  clones  than  in  the  parental  cells:  spe¬ 
cifically,  at  least  2-fold  greater  under  IGF  treatment, 
and  from  1.6-  (clone  12)  to  6-fold  (clone  15)  greater  in 
SFM  (Fig.  2C).  In  the  latter  case,  presumably  due  to 
a  low  concentration  of  ligand,  there  was  an  apparent 
correlation  between  tyrosine  phosphorylation  of  IRS- 1 
and  the  number  of  IGF-IRs.  In  the  presence  of  IGF-I, 
the  saturation  of  IRS-1  stimulation  was  obtained  in 
clone  12  expressing  5  X  106  receptors/cell.  The  levels 
of  IRS- 1  protein  in  the  studied  cells  were  similar  under 
all  experimental  conditions  (not  shown). 

E2  responsiveness  in  MCF-7 1  IGF-IR  cells.  MCF-7 
cells  and  all  developed  MCF-7/IGF-IR  clones  responded 
similarly  to  E2  with  stimulation  of  [3H]thymidine  in¬ 
corporation  into  DNA  (data  not  shown).  In  all  cell  lines, 
0.05  n M  E2  yielded  a  maximal  response  (a  2.9-  to  6.8- 
fold  increase  over  the  basal  level),  while  concentrations 


up  to  1.0  n M  had  no  additional  effect.  The  differences 
in  E2  responsiveness  observed  among  the  tested  clones 
were  not  statistically  significant.  E2  at  a  concentration 
higher  than  20.0  n M  exerted  an  inhibitory  effect.  Con¬ 
sequently,  a  concentration  of  0.1  nM  E2  was  used  in 
all  further  experiments. 

Sensitivity  and  responsiveness  of  MCF-7 1  IGF-IR 
cells  to  IGF-I  alone  or  in  combination  with  E2.  The 
overexpression  of  IGF-IR  did  not  modify  sensitivity  to 
IGF-I  (evaluated  by  [3H]thymidine  incorporation  into 
DNA)  (Fig.  3).  Specifically,  the  ED50  for  MCF-7  was 
0.56  ng/ml  and  for  MCF-7/IGF-IR  cells  it  ranged  from 
0.42  to  0.67  ng/ml,  P  =  NS.  The  responsiveness  to  IGF- 
I,  however,  was  increased  in  most  MCF-7/IGF-IR 
clones.  For  instance,  with  4  ng/ml  IGF-I,  there  was  a 
325%  increase  of  [3H]thymidine  incorporation  in  MCF- 
7  cells,  whereas  increases  of  336,  492,  580,  728,  and 
648%  were  observed  in  clones  C21,  C12,  C34,  C17,  and 
C15,  respectively. 
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FIG.  2.  Activation  of  IGF-IR  signaling  in  MCF-7/IGF-IR  cells. 
(A)  IGF-IR  protein  levels.  The  IGF-IR  protein  level  in  MCF-7  cells 
and  clones  12,  34,  21, 17,  and  15  was  determined  by  immunoprecipi- 
tation  with  an  anti-IGF-IR  antibody  and  subsequent  Western  immu- 
noblotting,  as  described  under  Materials  and  Methods.  300  fig  and 
1  mg  of  proteins  were  used  to  immunoprecipitate  the  IGF-IR  from 
MCF-7/IGF-IR  and  MCF-7  cells,  respectively.  The  analysis  was  per¬ 
formed  at  least  two  times  for  each  clone.  (B)  Tyrosine  phosphoryla¬ 
tion  of  the  IGF-IR.  Cells  were  incubated  in  PRF-SFM  for  3  days  and 
then  stimulated  with  50  ng/ml  IGF-I  for  15  s  or  5  min.  Tyrosine 
phosphorylation  of  the  IGF-IR  was  measured  by  immunoprecipita- 
tion  with  an  anti-IGF-IR  antibody  followed  by  Western  immunoblot- 
ting  with  an  anti-phosphotyrosine  antibody.  The  experiments  were 
repeated  at  least  four  times;  representative  results  for  MCF-7  cells, 
clone  17,  and  clone  15  are  shown.  (C)  Tyrosine  phosphorylation  of 
IRS-1.  Cells  were  grown  in  PRF-SFM  for  3  days  with  or  without  50 
ng/ml  of  IGF-I.  300  jug  of  lysate  was  immunoprecipitated  with  an 
anti-IRS- 1  antibody  and  immunoblotted  with  an  anti-phosphotyro- 
sine  antibody.  The  experiments  were  repeated  at  least  two  times; 
representative  results  are  presented. 


In  MCF-7  cells,  0.1  nM  E2  combined  with  IGF-I 
(0.01-100  ng/ml)  produced  a  synergistic  effect  on  [3H]- 
thymidine  incorporation.  In  contrast,  in  all  MCF-7/ 
IGF-IR  clones,  E2  increased  the  mitogenic  response 
only  in  the  presence  of  low  concentrations  of  IGF-I  (less 
than  1  ng/ml).  With  larger  amounts  of  IGF-I,  the  syner¬ 
gistic  effect  of  E2  was  abolished,  and  IGF-I  alone  was 
sufficient  to  maximally  stimulate  DNA  synthesis  (Fig. 
3).  The  effect  of  IGF-I  alone  or  in  combination  with  E2 
on  DNA  synthesis  in  MCF-7/pc  clones  was  similar  to 
that  found  for  MCF-7  cells  (not  shown). 

Overexpression  of  the  IGF-IR  does  not  improve  the 
ability  of  MCF-7  cells  to  grow  in  soft  agar  or  in  mono- 
layer  culture.  The  ability  of  MCF-7/IGF-IR  clones  to 
grow  under  anchorage-independent  conditions  was 
similar  to  that  exhibited  by  MCF-7  and  MCF-7/pc  cells. 
Specifically,  all  tested  cell  lines  formed  approximately 
100  colonies  in  soft  agar  containing  10%  FBS,  120  colo¬ 
nies  in  agar  with  10%  FBS  plus  200  ng/ml  IGF-I,  and 
45  colonies  in  agar  with  2%  FBS.  In  addition,  similarly 
to  the  parental  cell  line,  none  of  the  MCF-7/IGF-IR 


cells  produced  colonies  greater  than  100  ^m  m  semi¬ 
solid  PRF-SFM  supplemented  with  200  ng/ml  IGr  -1. 

In  monolayer  culture,  the  increase  in  cell  num  er 
was  similar  in  all  studied  cell  lines,  regardless  o  e 
level  of  IGF-IR  overexpression.  Specifically,  72  h  a  er 
stimulation  with  IGF-I  (0.1-10  ng/ml),  in  all  cases,  the 
number  of  cells  increased  —1.7  ±  0.3-fold  (da  a  no 
shown). 

Overexpression  of  the  IGF-IR  does  not  induce  inva¬ 
siveness •  of  MCF-7  cells  in  vitro.  MCF-7  cells  have 
been  reported  as  noninvasive  or  poorly  invasive  [2  ]. 
We  found  that  the  overexpression  of  IGF-IR  in  MCF-7 
cells  did  not  alter  their  noninvasive  phenotype  in  vitro. 
Using  invasion  chambers  (Biocoat/Fisher),  we  noted 
that  only  approximately  0.2%  cells  were  able  to  tra¬ 
verse  the  extracellular  matrix.  Additionally,  invasive¬ 
ness  of  the  cells  was  not  stimulated  when  IGF-I  or  the 
combination  of  IGF-I  +  E2  was  used  as  chemoattrac¬ 
tant. 

Overexpression  of  the  IGF-IR  stimulates  cell-cell  ad¬ 
hesion  in  MCF-7  cells .  MCF-7  cells  cultured  on  Matri- 
gel  (extracellular  matrix)  formed  globular  aggregates 
characteristic  of  a  noninvasive  phenotype  [27].  As 
shown  in  Fig.  4,  cell  aggregation  was  significantly  stim¬ 
ulated  in  clones  overexpressing  the  IGF-IR.  The  extent 
of  aggregation  appeared  to  parallel  the  increase  of  the 
IGF-IR  number  in  the  cells  (Figs.  4a-4e).  For  instance, 
at  Day  5  of  culture,  MCF-7  cells  did  not  produce  any 
aggregates  of  a  size  greater  than  150  /im,  whereas  the 
clones  C-12  and  C-34  (Figs.  4b  and  4c)  formed  an  aver¬ 
age  of  8  and  10  such  aggregates,  respectively.  The 
clones  17  and  15  (Figs.  4d  and  4e)  produced  a  few  clus¬ 
ters  of  a  size  greater  than  300  pm  and  several  smaller 
aggregates  of  the  size  150—300  pm.  The  average  results 
from  five  experiments  were  as  follows:  for  clone  C-17, 
there  were  4  aggregates  greater  than  300  pm  and  5 
of  the  size  150—300  /xm,  and  for  clone  15,  there  were 
aggregates  greater  than  300  pm  and  7  of  the  size  150— 
300  pm. 

When  culture  on  Matrigel  was  extended  up  to  21 
days,  MCF-7  cells  and  the  clones  expressing  less  than 
1.1  x  106  IGF-IRs  progressively  disaggregated  and  died 
(Fig.  4f-4h).  At  Day  16  of  the  experiment,  of  2  X  10 
initially  plated  cells,  we  found  an  average  of  1.2  x  10  , 
1  x  102,  and  8  x  103  viable  cells  for  MCF-7,  clone  34, 
and  clone  12,  respectively.  In  contrast,  the  clones  ex¬ 
pressing  the  highest  levels  of  the  IGF-IR  not  only  re¬ 
mained  well  aggregated,  but  also  proliferated  in  com¬ 
pact  clusters  (Figs.  4i— 4j).  Indeed,  at  Day  16,  the  num¬ 
ber  of  cells  was  even  increased  up  to  1.1  X  10  cells  for 
clone  17  and  to  4.6  X  104  cells  for  clone  15. 

The  aggregation  and  survival  of  MCF-7/pc  2  and  pc 
4  cells  cultured  on  Matrigel  was  similar  to  that  noted 
for  the  parental  cells.  The  morphology  and  size  of  the 
clusters  produced  by  MCF-7/pc  2  cells  is  shown  in 
Fig.  5A. 
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FIG.  3.  Stimulation  of  [3H]thymidine  incorporation  by  IGF-I  alone  or  in  combination  with  E2  in  MCF-7  and  MCF-7/IGF-IR  cells.  The 
cells  were  synchronized  and  stimulated  with  different  amounts  of  IGF-I  with  or  without  0.1  nAf  E2,  as  described  under  Materials  and 
Methods.  Abscissa,  tested  concentrations  of  IGF-I.  Ordinate,  percentage  increase  of  [3H]thymidine  incorporation  (in  cpm)  over  basal  level 
(cpm  values  in  untreated  cells).  The  values  are  means  from  at  least  four  experiments.  Bars,  SE.  Asterisks  indicate  statistically  significant 
differences  between  IGF-I  and  IGF-I  plus  E2  values  by  ANOVA  (P  <  0.05). 


IGF-I  stimulates  aggregation  of  MCF-7  and  MCF-7  / 
IGF-IR  cells:  Anti-E-cadherin  antibody  blocks  the  for¬ 
mation  of  aggregates.  In  the  presence  of  20  ng/ml  IGF- 
I,  MCF-7  cells  as  well  as  MCF-7/IGF-IR  clones  dis¬ 
played  increased  aggregation  on  Matrigel.  As  shown  in 
Fig.  5,  the  size  of  average  aggregates  typically  in¬ 
creased  from  approximately  100  to  150  fim  in  MCF-7 
cells  (Fig.  5B,  parts  a  and  c),  and  from  180  to  250  fxm 
in  clone  15  (Fig.  5B,  parts  b  and  d).  In  contrast,  in  all 
studied  cell  lines,  the  addition  of  an  anti-E-cadherin 
antibody  at  the  time  of  cell  plating  effectively  blocked 
cell -cell  adhesion.  The  effect  of  anti-E-cadherin  anti¬ 
body  on  aggregation  in  MCF-7  cells  and  in  MCF-7/IGF- 
IR  clone  15  is  presented  in  Fig.  5B,  parts  e  and  f. 


The  IGF-IR  co-localizes  with  E-cadherin  in  MCF-7 1 
IGF-IR  cells .  The  IGF-IR  and  E-cadherin  were  de¬ 
tected  by  double-staining  with  specific  antibodies.  In 
MCF-7  cells,  immunofluorescence  analysis  with  an 
anti-IGF-IR  antibody  produced  barely  visible  staining 
on  the  cell  surface  (Fig.  6a),  while  immunodetection 
with  anti-E-cadherin  antibody  revealed  the  typical  E- 
cadherin  honeycomb  pattern  [25]  (Fig.  6b). 

In  MCF-7/IGF-IR  clones,  the  IGF-IR  was  easily  de¬ 
tectable  by  immunofluorescence.  The  staining  ap¬ 
peared  to  be  concentrated  at  areas  of  cell— cell  contacts 
(Figs.  6c  and  6e),  which  was  particularly  evident  in 
clones  with  very  high  receptor  content  (Fig.  6e).  Re¬ 
markably,  in  MCF-7/IGF-IR  clones,  the  IGF-IR  co-lo- 


FIG.  4.  Aggregation  of  MCF-7/IGF-IR  cells.  20,000  cells  were  plated  on  Matrigel.  The  morphology  of  the  clones  was  recorded  by  Phase* 
contrast  microscopy  after  5  and  11  days  of  culture.  MCF-7  cells  (a,  f);  clone  12  (b,  g);  clone  34  (c,  h),  clone  17  (d,  i);  clone  15  (e,  j).  Bar,  100 
/zm.  The  experiments  were  repeated  at  least  four  times  for  all  analyzed  cells.  The  representative  results  are  shown. 
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calized  with  E-cadherin  (Figs.  6d  and  6f).  Interestingly, 
in  contrast  to  the  uniform  membrane  distribution  of  E- 
eadherin  in  MCF-7  cells,  the  localization  of  this  protein 
appeared  to  be  altered  in  cells  with  very  high  IGF-IR 
content.  Specifically,  more  E-cadherin  tended  to  accu¬ 
mulate  in  the  areas  of  cell  membranes  containing  the 
highest  amounts  of  the  IGF-IR  (Figs.  6e  and  6f). 

IGF-IR ,  IRS-1,  and  SHC  associate  with  E-cadherin . 
We  further  investigated  whether  the  IGF-IR  and  asso¬ 
ciated  substrates  physically  interact  with  E-cadherin 
complexes.  Figure  7  shows  representative  data  from 
several  independent  experiments.  Figure  7A  demon¬ 
strates  patterns  of  tyrosine  phosphorylation  of  proteins 
coprecipitating  with  E-cadherin  in  MCF-7  cells  and  in 
clones  12, 17,  and  15  cultured  under  various  conditions. 
In  all  analyzed  cells,  the  patterns  of  tyrosine  phosphor- 
ylated  proteins  associated  with  E-cadherin  were  simi¬ 
lar  (Fig.  7A)  and  contained  at  least  seven  distinct 
bands.  The  most  prominent  were  the  bands  of  the  ap¬ 
proximate  sizes  95, 185,  and  200  kDa  (the  last  not  seen 
in  MCF-7  cells).  In  the  following  experiments,  we  ex¬ 
amined,  by  reprobing  the  blots  with  different  antibod¬ 
ies,  whether  E-cadherin-associated  proteins  contain 
the  elements  of  the  IGF-I  signaling  pathway.  Due  to 
multiple  stripping  and  reprobing,  we  were  not  always 
able  to  demonstrate  the  levels  of  all  studied  proteins  in 
each  individual  blot.  However,  in  several  independent 
experiments,  we  confirmed  the  presence  of  each  of  the 
IGF-IR  signaling  molecules,  the  IGF-IR,  IRS-1,  and 
SHC,  in  E-cadherin  complexes  of  all  studied  cells  (not 
shown). 

Figure  7B  demonstrates  the  amounts  of  E-cadherin, 
IRS-1,  IGF-IR,  or  SHC  in  the  precipitates.  E-cadherin, 
as  expected,  was  detectable  in  all  precipitates.  In  MCF- 
7  cells,  a  185-kDa  band  noticeable  in  cells  treated  with 
IGF-I  (Fig.  7A)  contained  IRS-1.  IRS-1  was  also  present 
in  E-cadherin  precipitates  of  other  cells  (shown  here  for 
clone  15).  In  contrast  to  MCF-7  cells,  however,  tyrosine 
phosphorylation  of  IRS-1  in  MCF-7/IGF-IR  clones  12, 
17,  and  15  was  also  noticed  under  SFM  or  5%  CS  condi¬ 
tions. 

The  E-cadherin  complexes  contained  the  IGF-IR 
(shown  here  for  MCF-7  cells,  clone  12,  and  clone  17). 
Relative  to  E-cadherin  levels,  the  amount  of  IGF-IRs 
in  the  complexes  appeared  to  be  greater  in  cells  overex¬ 
pressing  the  receptor  (see  clones  12  and  17,  compared 
with  MCF-7  cells).  The  extent  of  tyrosine  phosphoryla¬ 
tion  of  the  IGF-IR  was  impossible  to  determine  since 
the  phosphorylated  band  of  the  size  95  kDa  contained 


not  only  the  IGF-IR  but  also  large  amounts  of  /3-catenin 
which  was  phosphorylated  on  tyrosine  residues  (not 
shown). 

The  tyrosine  phosphorylation  of  E-cadherin  was  low 
and  was  further  reduced  (approximately  50%)  in  MCF- 
7,  clone  12,  and  clone  15,  as  a  result  of  72  h  of  IGF-I 
treatment  (Fig.  7).  In  several  experiments,  we  did  not 
notice  any  consistent  modification  of  E-cadherin  pro¬ 
tein  expression  under  IGF-I.  The  exception  was  clone 
17,  in*  which  IGF-I  caused  a  reduction  of  E-cadherin 
levels.- 

SHC  proteins  complexed  with  E-cadherin  were  not 
phosphorylated  on  tyrosines  under  any  of  the  experi¬ 
mental  conditions. 

DISCUSSION 

Although  numerous  studies  [10-20]  have  suggested 
an  important  role  for  the  IGF  paracrine  or  autocrine 
loop  in  the  regulation  of  breast  cancer  growth,  the  im¬ 
pact  of  the  IGF-IR  on  the  progression  of  the  disease  is 
still  largely  unknown.  Here,  we  examined  whether  a 
substantial  increase  in  the  IGF-IR  levels  would  induce 
processes  associated  with  breast  cancer  progression, 
such  as  increased  sensitivity  or  responsiveness  to  IGF- 
I,  development  of  estrogen  independence,  enhancement 
of  anchorage-independent  growth,  or  induction  of  inva- 
siveness.  In  IGF-I-  and  E2-dependent,  noninvasive 
MCF-7  cells,  the  overexpression  of  the  IGF-IR  pro¬ 
duced:  (i)  a  moderate  mitogenic  effect,  reflected  by  sen¬ 
sitization  of  cells  to  low  concentrations  of  IGF-I  in  the 
presence  of  E2  and  reduction  of  E2  requirements  with 
large  amounts  of  IGF-I,  and  (ii)  a  marked  morphogenic 
effect,  reflected  by  stimulation  of  cell— cell  adhesion. 

Our  studies  were  greatly  facilitated  by  the  successful 
development  of  MCF-7-derived  clones  expressing  dif¬ 
ferent  levels  of  IGF-IRs.  The  first  part  of  this  work 
provides  characteristics  of  our  experimental  model. 
The  expression  of  IGF-IRs  was  determined  by  three 
independent  methods:  Scatchard  binding  assay  (Fig. 
IB),  FACS  analysis  (Fig.  1C),  and  Western  immu- 
noblotting  (Fig.  2).  The  number  of  IGF-I  binding  sites 
in  the  developed  clones  assessed  by  Scatchard  assay 
was  from  8-  to  50-fold  higher  than  that  in  the  parental 
cells  (Figs.  1A  and  1C).  This  higher  IGF-I  binding  was 
not  associated  with  any  noticeable  overexpression  of 
low- affinity  binding  sites  for  IGF-I  (likely  to  represent 
surface  IGF  binding  proteins  [37]  (Fig.  IB).  Hybrid 
IGF-I/insulin  receptors,  with  affinity  toward  both  li- 


FIG.  5.  (A)  Aggregation  of  a  control  clone.  The  morphology  of  control  cells  MCF-7  (a)  and  MCF-7/pc2  (b)  at  Day  5  of  culture  on  Matrigel. 
Three  independent  experiments  were  performed.  (B)  Effects  of  IGF-I  and  anti-E-cadherin  antibody  on  aggregation  of  MCF-7  and  MCF-7/ 
IGF-IR  cells.  The  sizes  and  morphology  of  average  aggregates  produced  by  MCF-7  cells  (a-e)  and  MCF-7/IGF-IR  clone  15  (b-f)  cultured 
in  control  medium  were  analyzed  on  Day  5  of  the  experiment.  In  parallel,  the  cells  were  grown  in  the  presence  of  50  ng/ml  IGF-I  (MCF-7, 
c;  clone  15,  d)  or  10  fjg/n ii  of  anti-E-cadherin  antibody  (HECD  1)  (MCF-7,  e;  clone  15,  f). 


FIG.  6.  Co-localization  of  the  IGF-IR  and  E-cadherin  in  MCF-7/IGF-IR  cells.  The  IGF-IR  was  detected  with  an  anti-IGF-IR  polyclonal 
antibody  and  anti-rabbit  rhodamine-conjugated  IgG.  E-cadherin  was  localized  with  an  anti-E-cadherin  monoclonal  antibody  (HECD-1)  and 
anti-mouse  FITC-conjugated  IgG,  as  described  under  Materials  and  Methods.  The  localization  of  the  IGF-IR  in  MCF-7  cells  (a),  clone  12 
(c>,  clone  15  and  the  staining  for  E-cadherin  in  MCF-7  (bu  clone  12  t d )  and  clone  15  ifi  were  examined  and  photographed  under  a  Zeiss 
axiophot  microscope  with  an  original  magnification  of  *400.  The  arrowheads  indicate  specific  staining.  The  fluorescence  staining  observed 
in  the  cell  nucleoli  in  a.  c.  and  e  was  nonspecific. 

gands,  have  been  described  in  many  models  |31|.  We  The  overexpression  of  the  IGF-IR  in  MCF-7/IGF-IR 
established,  by  competition  binding,  that  in  the  MCF-7/  cells  was  further  confirmed  by  two  semiquantitative 
IGF-IR  clones,  IGF-I,  but  not  insulin,  was  the  principal  methods,  FACS  analysis  and  Western  immunoblotting. 
ligand  for  the  overexpressed  receptors.  By  FACS,  the  amount  of  the  IGF-IR  protein  in  the 
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FIG.  7.  Association  of  IGF-I  signaling  molecules  with  E-cadherin.  Cells  were  incubated  for  3  days  in  DMEM:F12  with  5%  CS  (S),  PRF- 
3FM  (SFM)  or  PRF-SFM  with  50  ng/ml  IGF-I  (IGF-I)  and  then  lysed.  (A)  Tyrosine  phosphorylation  of  E-cadhenn-associated  P™tems.  5 
ig  of  protein  lysate  was  immunoprecipitated  with  4  ng  of  an  anti-E-cadherin  monoclonal  antibody  (B)  Protein  levels  »f  E'  *nn  a 
issociated  proteins.  The  immunoblots  shown  in  (A)  were  stripped  and  reprobed  with  an  anti-E-cadhenn  antibody.  Next,  the 
were  stripped  again  and  reprobed  with  either  an  anti-IRS-1  or  an  anti-IGF-IR  antibody.  Subsequently,  the  blots  probed  with  an  anti-IGF- 
[R  antibody  were  stripped  and  hybridized  with  an  anti-SHC  antibody.  Due  to  multiple  stripping  and  the  resulting  decrease 
bound  proteins,  we  were  not  able  to  demonstrate  the  levels  of  all  studied  proteins  in  a  single  blot.  Note:  the  E-cadhenn  and  IGF-IR  band 
in  the  clone  12  blot  were  shifted  because  of  a  gel  crack. 
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developed  clones  was  elevated  from  2.5-  to  25.1-fold 
compared  with  MCF-7  cells  (Fig.  1C);  Western  blotting 
revealed  a  2-  to  21-fold  increase  (Fig.  2A).  Furthermore, 
we  provided  evidence  that  in  MCF-7/TGF-IR  cells,  the 
extent  of  IGF-I-induced  tyrosine  phosphorylation  of 
both  IGF-IR  and  IRS-1  was  higher  than  in  MCF-7  cells, 
j  Interestingly,  a  saturation  of  IGF-stimulated  tyrosine 

|  phosphorylation  was  observed.  In  the  case  of  the  recep- 

I  tor,  the  maximum  was  seen  in  cells  expressing  approxi- 

j  mately  1  x  106  sites/cell,  whereas  expression  of  5  x  105 

sites/cell  produced  maximal  tyrosine  phosphorylation 
of  IRS- 1.  While  the  latter  may  reflect  the  limited  abun¬ 
dance  of  IRS-1  in  cells,  the  limiting  step  for  the  former 
remains  unknown. 

All  developed  clones  retained  similar  sensitivity  to 
E2,  which  strongly  suggested  that  transfection  of  MCF- 
7  cells  with  the  IGF-IR  did  not  affect  E2  receptor  ex¬ 
pression.  Similar  observations  have  been  reported  by 
other  investigators  who  studied  MCF-7  cells  overex¬ 
pressing  the  EGFR,  IGF-IR,  or  c-erbB-2  [36,  38,  39]. 

In  the  next  step,  we  tested  monolayer  growth  of 
MCF-7/IGF-IR  clones  with  special  emphasis  on  their 
responsiveness  to  mitogenic  effects  of  IGF-I  and  E2. 
We  also  examined  cell  growth  under  anchorage-inde¬ 
pendent  conditions.  Unexpectedly,  in  all  MCF-7/IGF- 
IR  clones,  even  those  with  the  highest  overexpression, 
the  sensitivity  to  IGF-I  was  not  significantly  changed, 
and  the  responsiveness  to  this  ligand  was  only  moder¬ 
ately  increased,  compared  with  the  corresponding  pa¬ 
rameters  in  MCF-7  cells.  The  cells  with  higher  levels 
of  IGF-IRs,  however,  exhibited  increased  respon¬ 
siveness  to  low  concentrations  of  IGF-I  in  the  presence 
of  E2.  With  higher  concentrations  of  IGF-I,  the  syner¬ 
gistic  effect  of  IGF-I  and  E2  was  abolished,  despite  the 
fact  that  the  cells  retained  normal  E2  sensitivity.  Con¬ 
sequently,  in  most  MCF-7/IGF-IR  clones,  IGF-I  alone, 
at  a  concentration  of  4  ng/ml,  produced  the  maximal 
mitogenic  effect  independent  of  E2.  Our  results  are  in 
agreement  with  the  recent  work  of  Daws  et  al.  [36], 
who  studied  MCF-7  cells  expressing  approximately  2 
X  105  IGF-IRs.  In  these  cells,  although  the  combined 
mitogenic  effect  of  IGF-I  and  E2  was  not  increased,  an 
enhanced  response  to  low  concentrations  of  IGF-I  in 
the  presence  of  E2  was  noted.  Interestingly,  in  MCF- 
7/IGF-IR  cells,  despite  moderately  increased  respon¬ 
siveness  of  DNA  synthesis  to  IGF-I,  the  growth  rate 
(increase  of  cell  number)  was  not  enhanced  compared 
with  MCF-7  cells. 

These  above  observations  suggest  that  in  breast  epi¬ 
thelial  cells,  the  mitogenic  effect  mediated  through  the 
IGF-IR  may  be  a  saturated  process.  The  exact  nature 
of  this  phenomenon  is  not  known.  We  speculate  that 
in  MCF-7/IGF-IR  cells,  the  limited  increase  of  response 
to  IGF-I  may  be  related  to  the  translocation  of  a  sig¬ 
nificant  fraction  of  IGF-IRs  to  cell-cell  boundaries 


where  they  are  not  fully  accessible  for  IGF-I  stimula¬ 
tion  (Fig.  6)  (see  below). 

Under  anchorage-independent  conditions,  partial 
loss  of  E2  requirements  has  been  described  in  breast 
cancer  cell  lines  overexpressing  IGF-II  [17]  or  IRS-1 
[14],  In  contrast,  breast  cancer  cells  overexpressing 
IGF-IRs  generated  by  Daws  et  al.  [36]  as  well  as  by  our 
laboratory  retained  E2  requirement  for  growth  in  soft 
agar.  It  is  possible  that  in  both  cases,  the  extent  of 
receptor  overexpression,  or  the  abundance  of  available 
receptors,  was  not  sufficient  to  override  E2  dependence. 
It  cannot  be  excluded, 'however,  that  in  breast  cancer 
.cells,  anchorage-independent  growth  requires  activa¬ 
tion  of  specific  E2  signaling,  which  can  be  overridden 
by  amplified  IGF-II  or  IRS-1  signaling,  but  not  IGF-IR 
signaling. 

In  the  following  part  of  this  work,  we  assessed  inva¬ 
sive  properties  of  MCF-7/IGF-IR  cells  in  vitro  as  well 
as  the  effects  of  IGF-IR  overexpression  on  cell-cell  ad¬ 
hesion.  MCF-7  cells  are  poorly  invasive  [25]  but  their 
invasive  properties  in  vitro  can  be  enhanced,  for  in¬ 
stance,  by  the  overexpression  of  H-ras  [37-40].  We 
demonstrated  that  overexpression  of  the  IGF-IR  did 
not  stimulate  invasiveness  of  MCF-7  cells.  In  contrast, 
we  observed  that  high  levels  of  IGF-IRs  actually  pro¬ 
moted  cell-cell  adhesion  and  formation  of  large  or¬ 
ganoid-like  structures  on  Matrigel  (Fig.  4).  Impor¬ 
tantly,  in  this  assay,  the  extent  of  aggregation  (number 
and  sizes  of  aggregates)  paralleled  the  level  of  IGF-IRs. 
Moreover,  the  cells  expressing  more  than  1  x  106  sites/ 
cell  not  only  survived  in  the  aggregates  for  the  longest 
period  but  also  continued  to  multiply  within  the  formed 
clusters.  This  suggested  that  the  IGF-IR,  by  stimulat¬ 
ing  cell-cell  adhesion,  promoted  proliferation  of  aggre¬ 
gated  cells  and  protected  cells  from  death. 

The  role  of  the  IGF-IR  in  cell-cell  adhesion  was  fur¬ 
ther  substantiated  by  the  evidence  that  IGF-I  stimu¬ 
lated  the  aggregation  of  MCF-7  and  MCF-7/IGF-IR 
cells  (Fig.  5B).  The  aggregation  of  these  cells  was 
blocked  in  the  presence  of  anti-E-cadherin  antibody, 
which  demonstrated  that  IGF-IR-enhanced  adhesion 
requires  functional  E-cadherin  (Fig.  5B).  Our  findings 
are  consistent  with  the  data  of  Bracke  et  al.  [26],  who 
demonstrated  that  in  the  invasive  breast  cancer  cell 
line  MCF-7/6,  IGF-I  stimulated  cell  aggregation  in  the 
absence  but  not  in  the  presence  of  an  anti-E-cadherin 
antibody. 

The  direct  visualization  by  immunofluorescence  mi¬ 
croscopy  revealed  that  in  MCF-7/IGF-IR  cells,  the  IGF- 
IR  co-localizes  with  E-cadherin  at  the  points  of  cell- 
cell  contacts  (Fig.  6).  To  our  knowledge,  this  is  the  first 
demonstration  of  co-localization  of  the  IGF-IR  with  a 
cell-cell  adhesion  molecule.  The  interaction  of  the  IGF- 
IR  with  the  E-cadherin  complex  was  also  confirmed  by 
Western  immunoblotting.  Specifically,  we  found  that 
in  MCF-7  cells  and  MCF-7/IGF-IR  clones,  E-cadherin 
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associated  with  IRS-1,  SHC,  and  the  IGF-IR.  In  MCF- 
7/IGF-IR  cells,  more  IGF-IR  appeared  to  be  contained 
within  E-cadherin  complexes  (Fig.  7).  Interestingly,  ty¬ 
rosine  phosphorylation  of  E-cadherin-associated  SHC 
and  IGF-IRs  was  not  evidently  increased  in  cells  ex 


clusterization  of  associated  E-cadherin  comp  exes, 
which  created  stronger  contacts  and  promoted  aggrega 

tion.  .  ~ 

In  summary,  our  findings  suggest  a  complex  role  ot 
the  IGF-IR  in  breast  cancer.  On  one  hand,  increased 


and  ILir-lKs  was  not  evidently  increased  in  cent,  e*-  ...  .  Tav  t  in 

posed  to  IGF-I  for  48  h,  whereas  tyrosine  phosphoryla-  levels  of  IGF-IRs  mduce  yPer  m-owth  advan- 
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tion  of  IRS-1  in  the  E-cadherin  complex  was  quite 
prominent  (Fig.  7).  The  molecular  bases  of  this  effect 
remain  to  bejletermined.  It  is  possible  that  incorpora¬ 
tion  of  the  IGF-IR  and  SHC  into  adhesion  complex  ac¬ 
celerates  dephosphorylation.  IRS-1,  resistant  to  this 
dephosphorylation,  is  probably  a  substrate  of  a  differ¬ 
ent  phosphatase(s). 

In  several  experiments,  we  consistently  observed  an 
inhibitory  effect  of  IGF-I  on  tyrosine  phosphorylation 
of  a  120-kDa  protein  whose  position  corresponded  to 
that  of  E-cadherin  (Fig.  7,  MCF-7  cells,  clone  12  and 
clone  15).  Possibly,  one  of  the  functions  of  the  IGF-IR 
in  MCF-7  cells  is  to  increase  cell  aggregation  through 
dephosphorylation  of  E-cadherin.  The  interplay  be¬ 
tween  growth  factor-  or  oncoprotein-induced  signaling 
and  the  regulation  of  cell-cell  adhesion  has  already 
been  described.  For  instance,  EGF  interferes  with 
phosphorylation  status  of  molecules  engaged  in  ad- 
herens-type  junctions,  i.e.,  /?-catenin  is  phosphorylated 
upon  EGF  stimulation  [41].  In  addition,  expression  of 
v-src  causes  tyrosine  phosphorylation  of  E-cadherin 
and  disrupts  the  cadherin— catenin  complexes  [42]. 
Cell -cell  association  can  also  be  regulated  by  modifi¬ 
cation  of  the  expression  of  adhesion  proteins.  For  in¬ 
stance,  overexpression  of  the  ERB-B2  receptor  or  treat¬ 
ment  with  TGF-/3  inhibited  expression  of  E-cadherin 
in  normal  mammary  cells  [43,  44].  In  our  model,  there 
was  no  apparent  modulation  of  E-cadherin  expression. 

Our  experiments  are  still  insufficient  to  resolve 
whether  E-cadherin  binds  directly  to  either  the  IGF- 
IR  or  one  of  its  substrates  or  if  other  intermediate  pro¬ 
teins  may  be  necessary  to  mediate  this  association.  In 
fact,  our  preliminary  data  demonstrated  that  the  IGF- 
IR  is  also  present  in  /?-  and  a-catenin  precipitates.  Sim¬ 
ilarly,  since  both  IRS-1  and  SHC  can  associate  with 
the  IGF-IR,  binding  of  only  one  of  those  proteins  to  E- 
cadherin  should  be  sufficient  to  form  a  multielement 
complex.  Regardless  of  the  nature  of  the  association, 
the  evident  proximity  of  cell— cell  adhesion  molecules 
and  the  elements  of  IGF-IR  signaling  support  our  data 
implicating  the  IGF-IR  in  the  regulation  of  epithelial 
aggregation. 

The  mechanism  of  IGF-IR-dependent  cell-cell  adhe¬ 
sion  is  currently  unknown.  The  hypothesis  that  cata¬ 
lytic  function  of  the  receptor  is  involved  is  supported 
by  the  notion  that  in  the  presence  of  IGF-I,  aggregation 
was  induced  and  partial  dephosphorylation  of  E-cadh- 
erin  was  observed.  The  other  possibility  is  that  the 
clusterization  of  receptors,  due  to  activation  by  IGF-I 
or  resulting  from  overexpression,  induced  concomitant 
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the  presence  of  E2,  which  may  provide  a  growth  advan¬ 
tage  for  cancer  cells  under  conditions  of  low  IGF-1  avail¬ 
ability  (for  example,  in  patients  undergoing  tamoxifen 
treatment  [45]).  On  the  other  hand,  the  overexpression 
of  the  IGF-IR  inhibits  cell  scattering,  and,  therefore, 
may  have  a  role  in  the  growth  of  noninvasive,  differen¬ 
tiated  breast  tumors.  The  latter  supports  the  data  dem¬ 
onstrating  that  in  breast  cancer,  higher  levels  of  recep¬ 
tor  predict  better  prognosis  [11].  The  “antiscattenng 
function  of  the  IGF-IR,  however,  does  not  seem  to  be 
universal.  In  other  systems  (such  as  invasive  lung  car¬ 
cinoma),  this  receptor  is  required  for  metastatic  activ- 
ity  [46],  Unquestionably,  more  studies  are  required  to 
define  the  role  of  IGF  signaling  in  metastasis  as  well 
as  in  other  neoplastic  processes. 
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Abstract 

The  insulin-like  growth  factor  I  receptor  (IGF-IR)  is  involved  in  the 
control  of  breast  cancer  cell  growth.  The  cytostatic  activity  of  tamoxifen 
(Tam),  a  nonsteroidal  antiestrogen,  is  partially  mediated  through  inter¬ 
ference  with  IGF-I-R-dependent  proliferation,  yet  the  effects  of  Tam  on 
IGF-IR  intracellular  signaling  have  never  been  elucidated.  Consequently, 
we  investigated  how  Tam  modifies  the  IGF-IR  signaling  pathway  in 
estrogen  receptor-positive  MCF-7  breast  cancer  cells  and  in  MCF-7- 
derived  clones  overexpressing  either  the  IGF-IR  (MCF-7/IGF-IR  cells)  or 
its  major  substrate,  IRS-1  (MCF-7/IRS-1  cells).  MCF-7/IGF-IR  and 
MCF-7/IRS-1  cells  exhibit  greatly  reduced  estrogen  growth  requirements 
but  retain  estrogen  receptors  and  express  sensitivity  to  antiestrogens 
comparable  to  that  in  the  parental  cells.  In  all  tested  cell  lines,  regardless 
of  the  amplification  of  IGF  signaling,  a  4-day  treatment  with  10  nM  Tam 
produced  a  similar  cytostatic  effect.  In  MCF-7  and  MCF-7/IGF-IR  cells, 
growth  inhibition  by  Tam  was  associated  with  the  reduced  tyrosine  phos¬ 
phorylation  of  the  IGF-IR  in  the  presence  of  IGF-I;  however,  the  basal 
level  of  the  IGF-IR  remained  unaffected.  Moreover,  Tam  inhibited  both 
basal  and  IGF-I-induced  tyrosine  phosphorylation  of  IRS-1,  which  was 
accompanied  by  down-regulation  of  IRS- 1 -associated  phosphatidylinositol 
3  -kinase  activity  and  reduced  IRS-l/growth  factor  receptor- bound  pro¬ 
tein  2  (GRB2)  binding.  In  contrast,  under  the  same  treatment,  tyrosine 
phosphorylation  of  Src-homology/collagen  proteins  (SHC;  another  sub¬ 
strate  of  the  IGF-IR)  and  SHC/GRB2  binding  were  elevated.  The  protein 
levels  of  the  IGF-IR  and  IRS-1  were  not  modified  by  Tam,  whereas  SHC 
protein  expression  was  either  not  affected  or  moderately  decreased  by  the 
treatment. 

In  summary,  this  work  provides  the  first  evidence  that  in  MCF-7  cells, 
cytostatic  effects  of  Tam  are  associated  with  the  modulation  of  IGF-IR 
signaling,  specifically  with:  (a)  down-regulation  of  IGF-I-induced  tyrosine 
phosphorylation  of  the  IGF-IR;  (*)  inhibition  of  IRS-l/phosphatidylinosi- 
tol  3 '-kinase  signaling;  and  (c)  up-regulation  of  SHC  tyrosine  phospho¬ 
rylation  and  increased  SHC/GRB2  binding.  It  is  hypothesized  that  de¬ 
phosphorylation  of  IRS-1  could  be  a  major  contributing  factor  in  Tam 
cytostatic  activity. 


Introduction 

The  activation  of  the  IGF-IR,3  through  a  paracrine,  autocrine,  or 
endocrine  mechanism,  appears  to  play  a  critical  role  in  the  regulation 
of  breast  cancer  cell  growth  (1).  The  IGF-IR  levels  are  significantly 
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higher  in  breast  cancer  than  in  normal  breast  tissue  or  benign  tumors 
.  (1-3).  The  IGFs  are  potent  mitogens  for  cultured  breast  cancer  cells, 
.and  their  expression  has  been  documented  in  the  epithelial  and/or 
stromal  component  of  breast  tumors  (1).  In  primary  breast  cancer,  a 
correlation  has  been  found  between  tumor  size,  the  levels  of  IRS-1  (a 
cellular  substrate  of  the  IGF-IR),  and  recurrence  of  the  disease  (4).  In 
MCF-7  breast  cancer  cells,  the  overexpression  of  either  IRS- 1  (5),  the 
IGF-IR  (6),  or  IGF-II  (7)  have  been  shown  to  reduce  estrogen  growth 
dependence.  On  the  other  hand,  it  has  been  demonstrated  that  block¬ 
ade  of  IGF-IR  signaling  with,  for  instance,  anti-IGF-IR  antibodies  (1), 
antisense  RN A  to  the  IGF-IR  (8),  and  antisense  oligodeoxynocleoti- 
des  to  IRS-1  (5)  restricts  breast  cancer  cell  growth  in  vitro  or  in  vivo. 

The  activation  of  the  IGF-IR  tyrosine  kinase  results  in  the  stimu¬ 
lation  of  diverse  intracellular  pathways  involving  different  signaling 
substrates  (9).  The  best  characterized  substrates  of  the  IGF-IR  are 
IRS- 1  and  SHC.  IRS-1  is  a  docking  protein  that,  upon  tyrosine 
phosphorylation  by  the  IGF-IR,  recruits  several  effector  proteins 
through  SH2-type  interactions.  For  instance,  IRS-1  binds  and  acti¬ 
vates  PI-3  kinase  and  SYP  phosphatase  as  well  as  stimulates  Ras/ 
MAP  pathway  through  the  binding  of  GRB-2/SOS  complexes  (9). 
Moreover,  IRS-1  has  been  found  to  interconnect  with  JAK-STAT  (10) 
and  integrin  signaling  pathways  (11).  SHC  proteins  are  substrates  of 
most  tyrosine  kinase  receptors,  many  nonreceptor  kinases  and  certain 
phosphatases  (12,  13).  Tyrosine  phosphorylated  SHC,  similar  to 
IRS-1,  may  activate  Ras/MAP  signaling  cascade  through  the  GRB2/ 
SOS  complex  (12). 

Tam,  a  nonsteroidal  antiestrogen  with  partial  agonist  activity,  is 
commonly  used  in  adjuvant  therapy  in  breast  cancer  management 
(14).  Tam  inhibits  ER-dependent  growth  but  also  interferes  with 
polypeptide  growth  factor  signaling  (14).  The  known  effects  of  Tam 
or  its  derivative  4-OH-Tam  on  the  IGF  system  in  breast  cancer  cells 
include:  inhibition  of  IGF-I  stimulated  growth  (14,  15),  modulation  of 
IGFBP  expression  (1),  reduced  secretion  of  autocrine  IGF  (16),  down- 
regulation  of  plasma  levels  of  IGF-I  in  breast  cancer  patients  (17),  and 
decreased  levels  of  IGF-I  binding  sites  (18,  19).  The  interaction  of 
Tam  with  the  IGF-IR  signaling  pathway  has  not  been  characterized, 
partly  because  of  the  lack  of  adequate  cellular  models.  Here,  we 
investigated  this  aspect  of  Tam  action  using  ER-positive  MCF-7  cells 
as  well  as  different  MCF-7-derived  cell  lines  overexpressing  the 
elements  of  IGF-IR  signaling. 

Materials  and  Methods 

Cell  Lines  and  Cell  Culture  Conditions.  MCF-7  cells  were  routinely 
grown  in  DMEM:F12  (1:1)  containing  5%  calf  serum  (6).  In  the  experiments 
requiring  estrogen-free  conditions,  the  cells  were  cultured  in  phenol  red-free 
DMEM  containing  0.5  mg/ml  BSA,  1  /jlM  FeS04  and  2  mM  L-glutamine 
(PRF-SFM;  Ref.  6). 

MCF- 7/IGF- IR,  clones  12  and  15,  and  MCF-7/IRS-1,  clone  3  were  devel¬ 
oped  by  stable  transfection  with  the  expression  vectors  pcDNA3/IGF-IR  and 
CMV-IRS-1,  respectively,  and  were  characterized  in  detail  previously  (5,  6). 
The  clones  were  maintained  in  culture  for  a  maximum  of  3  months  in  growth 
medium  supplemented  with  200  jtg/ml  G418. 
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Cell  Growth  Assay.  Cells  (1  X  105)  were  plated  in  24-well  plates  in 
DMEM:F12  (1:1)  containing  5%  calf  serum.  The  next  day,  designed  as  day  0 
of  the  experiment,  the  cells  were  shifted  to  either  PRF-SFM  or  PRF-SFM 
supplemented  with  0.1-100  nM  Tam.  For  each  cell  line,  the  number  of  cells  at 
day  0  was  taken  as  100%  (control).  The  relative  increase  (percentage  over 
control)  in  cell  number  was  determined  after  4  days  of  Tam  treatment. 

Western  Blotting  and  Immunoprecipitation.  The  levels  of  the  IGF-IR, 
IRS-I, 'SflCTas~well  as  Tyrosine  phosphorylation  of  these  proteins,  were 
measured  by  Western  blotting.  The  protein  lysates  (250-500  p,g)  were  ob¬ 
tained  as  described  previously  (6)  and  immunoprecipitated  with  the  following 
antibodies:  for  IGF-IR.  anti-lGF-IR  monoclonal  antibody  alpha- IR3  (Onco¬ 
gene  Science);  for  IRS-1,  anti-IRS- 1  polyclonal  antibody  (UBI);  and  for  SHC, 
anti-SHC  polyclonal  antibody  (Transduction  Laboratories).  The  immunopre- 
cipitates  were  resolved  by  PAGE,  and  the  IGF-IR,  IRS-1,  or  SHC  proteins 
were  immunodetected  with  the  following  antibodies:  for  IRS- 1,  anti-IRS- 1 
polyclonal  antibody  (UBI);  for  IGF-IR  and  its  MT  200,000  precursor  (20), 
anti-IGF-IR  polyclonal  antibody  (Santa  Cruz);  and  for  SHC,  anti-SHC  mono¬ 
clonal  antibody  (Transduction  Laboratories).  Tyrosine  phosphorylation  of  the 
above  proteins  was  detected  by  immunoblotting  with  an  anti-phosphotyrosine 
monoclonal  antibody  PY20  (Transduction  Laboratories).  The  intensity  of 
bands  was  assessed  by  laser  densitometry  scanning. 

PI-3  Kinase  Activity.  The  activity  of  PI-3  kinase  associated  with  IRS-1 
was  assessed  by  standard  protocol  provided  by  the  manufacturer  of  the  IRS-1 
antibody  (UBI).  In  brief,  500  fx g  of  protein  lysate  were  immunoprecipitated 
with  an  anti-IRS- 1  polyclonal  antibody.  The  IRS-1  immunoprecipitates  were 
incubated  in  vitro  in  the  presence  of  200  /ig/ml  phosphatidylinositol  (Sigma 
Chemical  Co.)  and  10  /LLCi[y-33P]ATP  for  30  min.  The  products  of  the  kinase 
reaction  were  resolved  on  TLC  plates  (Eastman  Kodak),  and  the  spots  corre¬ 
sponding  to  PI-3  phosphates  were  identified  by  autoradiography.  The  spots 
were  then  cut  from  the  plates,  and  their  radioactivity  was  counted  with  a  beta 
counter.  For  each  cell  line,  PI-3  kinase  activity  obtained  in  SFM  was  taken  as 
100%  (control). 

Results 

Tam  Inhibits  the  Growth  of  MCF-7  Breast  Cancer  Cells  Over- 
expressing  Either  the  IGF-IR  or  IRS-I.  We  studied  whether  Tam  is 
able  to  inhibit  the  growth  of  MCF-7  cells  with  amplified  IGF-IR 
signaling  (MCF-7/IGF-IR  and  MCF-7/IRS-1  cells).  The  estrogen 
growth  requirements  in  these  cells  are  abolished  or  significantly 
reduced;  however,  the  cells  retain  expression  of  the  ER  (5,  6).  The 
effect  of  Tam  on  growth  was  studied  in  MCF-7/IGF-IR,  clone  12 
(expressing  5  X  105  IGF-I  binding  sites/cells;  8-fold  IGF-IR  overex¬ 
pression  over  the  levels  in  MCF-7  cells),  MCF-7/IGF-IR,  clone  15 


(3  X  I06  sites/cells;  50-fold  IGF-IR  overexpression),  and  in  MCF-7/ 
IRS-1,  clone  3  (a  9-fold  overexpression  of  IRS-1  over  that  in  MCF-7 
cells);  MCF-7  cells  were  used  as  a  control.  The  cells  were  cultured  in 
PRF-SFM  for  4  days  in  the  presence  of  different  concentrations  of 
Tam  (0.1-100  nM).  Tam  treatment  suppressed  growth  of  all  cell  lines 
in  a  dose-dependent  manner  (Fig.  1).  Specifically,  in  all  cells,  0.1,  1.0, 
and  10  nM  Tam  reduced  proliferation  by  at  least  12,  34,  and  50%, 
respectively.  The  extent  of  Tam-induced  growth  inhibition  in  cells 
cultured  for  4  days  in  PRF-SFM  with  20  ng/ml  IGF-I  was  comparable 
(data  not  shown).  Treatment  with  100  nM  Tam  was  always  cytotoxic. 
Consequently,  Tam  at  a  concentration  of  10  nM  was  used  in  all  further 
experiments. 

Tam  Interferes  with  IGF-I-induced  Tyrosine  Phosphorylation 
of  the  IGF-IR  in  MCF-7/IGF-IR  Ceils.  To  investigate  the  effects  of 
Tam  on  IGF-IR  signaling,  we  assessed  tyrosine  phosphorylation  and 
protein  levels  of  the  IGF-IR  in  MCF-7  and  MCF-7/IGF-IR,  clone  15 
cells.  In  cells  cultured  in  PRF-SFM  plus  IGF-I,  the  IGF-IR  tyrosine 
phosphorylation  was  always  elevated  compared  with  that  in  PRF- 
SFM  (Fig.  2).  After  4  days  of  treatment,  the  effects  of  Tam  on  the 
basal  level  of  IGF-IR  tyrosine  phosphorylation  were  minimal  (Fig. 
2A)\  specifically,  in  several  experiments  either  no  modification  or 
slight  (—15%)  up-  or  down-regulation  were  noticeable.  However, 
Tam  reduced  IGF-I-induced  tyrosine  phosphorylation  by  60%  in 
MCF-7  cells  and  by  30%  in  MCF-7/IGF-IR  cells  (Fig.  2 B). 

The  IGF-IR  protein  levels  were  not  significantly  modulated  by 
Tam,  as  determined  by  laser  densitometry  scanning  (Fig.  2).  Simi¬ 
larly,  the  levels  of  the  IGF-IR  precursor  were  not  affected  by  the 
treatment  (Fig.  2 A). 

Inhibition  of  Cell  Growth  by  Tamoxifen  Is  Associated  with 
Dephosphorylation  of  IRS-1.  In  all  tested  cell  lines,  but  especially  in 
the  clones  with  amplified  IGF-IR  signaling  (MCF-7/IGF-IR,  clones 
12  and  15,  and  in  MCF-7/IRS-1  cells),  a  basal  level  of  IRS-1  tyrosine 
phosphorylation  was  evident  even  after  prolonged  culture  in  PRF- 
SFM,  which  reflected  cellular  response  to  autocrine  IGFs,  as  shown 
previously  (Refs.  5  and  6;  Fig.  3,  A  and  B).  The  addition  of  10  nM  Tam 
to  PRF-SFM  produced  a  cytostatic  effect  (Fig.  1),  which  was  accom¬ 
panied  by  a  marked  dephosphorylation  of  IRS-1  on  tyrosine  residues 
in  the  cells  studied.  Specifically,  the  basal  level  of  IRS-1  tyrosine 
phosphorylation  was  reduced  by  29,  35,  and  48%  in  MCF-7/IGF-IR, 
clone  12,  MCF-7/IGF-IR,  clone  15,  and  MCF-7/IRS-cells,  respec¬ 
tively  (Fig,  3 A).  In  MCF-7  cells,  due  to  a  low  basal  level  of  IRS-1 


Fig.  1.  Tam  inhibits  the  growth  of  MCF-7  cells  overexpress¬ 
ing  either  the  IGF-IR  or  IRS-1.  The  cells  were  treated  as 
described  in  “Materials  and  Methods.”  The  results  represent  the 
percentage  of  growth  inhibition  relative  to  control  (100%)  in 
PRF-SFM.  The  results  are  means  from  at  least  four  experiments. 
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^ects  on  l^e  IGF-IR.  A,  Tam  effect  on  basal  level  of  IGF-IR  tyrosine  phosphorylation.  The  cells  were  lysed  after  3  days  of  incubation  in  either  PRF-SFM  (SFM), 

PlUS  ^  nM  ^am  ^am)'  or  PRF-SFM  plus  50  ng/ml  IGF-I  ( JGF-l ).  Tyrosine  phosphorylation  and  protein  level  of  the  IGF-IR  were  determined  after  immunoprecipitation 
of  500  fxg  of  protein  lysates  with  an  anti-IGF-IR  monoclonal  antibody  followed  by  Western  blotting  with  the  indicated  antibodies.  B ;  Tam  blocks  IGF-I-induced  tyrosine  phosphorylation 
of  the  IGF-IR.  Lane  IGF-I/Tam ,  cells  were  cultured  in  PRF-SFM  with  50  ng/ml  IGF-I  and  10  nM  Tam;  other  conditions  were  as  described  for  A.  Representatives  results  from  four 
experiments  are  shown. 


phosphorylation,  the  effect  of  Tam  was  not  measurable.  The  interfer¬ 
ence  of  Tam  with  IRS-1  signaling  was  further  studied  in  MCF-7/ 
IRS-1  cells  (Fig.  35).  The  IGF-I-stimulated  and  basal  levels  of  IRS-1 
phosphorylation  were  suppressed  in  the  presence  of  the  drug  by 
approximately  43%  (Fig.  3 5).  The  dephosphorylation  of  IRS- 1  was 
accompanied  by  its  dissociation  from  both  p85  subunit  of  PI-3  kinase 
and  GRB2  (Fig.  35).  Similar  effects  of  Tam  on  IRS-1  tyrosine 
phosphorylation  (approximately  27%  inhibition)  were  seen  in  MCF- 
7/IGF-IR,  clone  15  cells  (data  not  shown). 

In  addition,  Tam  suppressed  the  activity  of  IRS- 1 -associated  PI-3 
kinase  in  cells  stimulated  with  IGF-I;  the  inhibition  by  43,  92,  and 
128%  was  seen  in  MCF-7,  MCF-7/IGF-IR,  and  MCF-7/IRS-1,  re¬ 
spectively  (Fig.  3 Q.  The  effects  of  Tam  on  PI-3  kinase  in  cells 
cultured  in  PRF-SFM  were  not  measurable. 

In  several  repeat  experiments,  IRS-1  protein  levels  were  not  af¬ 
fected  by  long-term  treatment  with  Tam  (Fig.  3,  A  and  B). 

Tamoxifen  Increases  Tyrosine  Phosphorylation  of  SHC.  Of 
note,  in  all  studied  cell  lines  the  cytostatic  action  of  Tam  was  asso¬ 
ciated  with  the  elevated  tyrosine  phosphorylation  of  p52SHC  and 
P46SHC  (Fig.  4).  The  activation  of  p52SHC  was  especially  prominent; 
specifically,  compared  with  SHC  status  in  untreated  cells,  a  34,  110, 
and  100%  augmentation  of  p52SHC  tyrosine  phosphorylation  was 
observed  in  MCF-7,  MCF-7/IGF-IR,  and  MCF-7/IRS-1  cells,  respec¬ 
tively.  Moreover,  the  hyperphosphorylation  of  p52SHC  was  followed 
by  an  its  increased  binding  to  GRB2  (Fig.  4). 

In  contrast,  in  all  cell  lines,  a  4-day  exposure  to  IGF-I  decreased 
tyrosine  phosphorylation  of  p52SHC  by  approximately  40%  compared 
with  that  in  PRF-SFM  and  induced  dissociation  of  SHC/GRB2  com¬ 
plexes  (Fig.  4). 

Tam  treatment  produced  a  consistent  down-regulation  of  p52SHC 
and  p46SHC  levels  by  approximately  35%  in  MCF-7/IGF-IR,  clone  15 


and  MCF-7/IRS-1  cells  but  not  in  MCF-7  cells  (Fig.  4).  In  contrast, 
SHC  protein  expression  was  not  modulated  by  IGF-I  (Fig.  4). 

Effect  of  Tamoxifen  on  ERK2.  Because  IRS-1  and  SHC,  via 
GRB 2/SOS,  may  activate  Ras/MAP  signaling  pathway,  we  assessed 
MAP  (ERK2)  kinase  activity  in  cells  exposed  to  Tam  or  cultured  for 
4  days  in  PRF-SFM  in  the  presence  or  absence  of  exogenous  IGF-I. 
We  found  no  differences  in  ERK2  activity  under  these  conditions, 
measured  in  an  in  vitro  assay,  using  myelin  basic  protein  as  a  substrate 
(data  not  shown). 

Discussion 

Experimental  evidence  suggests  an  important  role  of  the  IGF-R  in 
the  pathobiology  of  breast  tumors  (1-3).  Activation  of  the  IGF-IR 
promotes  proliferation  and  transformation  as  well  as  cell-cell  and 
cell-substrate  interactions  in  breast  cancer  cells  (1,  5,  6,  21).  Con¬ 
versely,  the  blockade  of  IGF  signaling  results  in  the  inhibition  of 
breast  cancer  growth  (1,5,  8).  Tam,  or  its  derivative  4-OH-Tam,  have 
been  shown  to  inhibit  IGF-IR-dependent  growth  through  different 
mechanisms,  such  as  down-regulation  of  autocrine  IGF  secretion  (16) 
or  modulation  of  IGFBPs  expression  (1).  In  addition,  in  MCF-7  breast 
cancer  ceils,  Tam  and  4-OH-Tam  decreased  expression  of  IGF-I 
binding  sites  by  approximately  30%  (19)  and  60%  (18),  respectively. 

The  effects  of  Tam  on  the  IGF  signal  transduction  pathway  are 
unknown.  Here,  we  report  for  the  first  time  the  modulation  of  the 
IGF-IR  intracellular  signaling  pathways  associated  with  the  cytostatic 
action  of  Tam.  Our  studies  focused  on  tyrosine  kinase  activity  and 
protein  levels  of  the  IGF-IR  and  its  two  major  cellular  substrates, 
IRS-1  and  SHC.  Preliminary  data  from  Rocha  et  al.  (4)  documented 
that  IRS-1  is  expressed  in  primary  breast  tumors  and  its  levels  corre¬ 
late  with  increased  recurrence.  The  status  of  SHC  and  its  relation  with 
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Fig.  3.  Effects  of  Tam  on  IRS- 1 -mediated  signaling.  A,  effects  of  Tam  on  IRS-1  tyrosine  phosphorylation.  MCF-7  cells,  MCF-7/IGF-IR,  clones  12  and  15,  and  MCF-7/IRS-1,  clone 
3,  were  incubated  in  PRF-SFM  (SFM),  PRF-SFM  plus  10  nM  Tam  (Tam),  or  PRF-SFM  plus  50  ng/ml  IGF-I  ( IGF-I)  for  3  days.  IRS-1  was  immunoprecipitated  from  300  /ig  of  protein 
lysates,  and  tyrosine  phosphorylation  levels  were  detected  with  PY-20  antibody.  IRS-1  protein  level  was  determined  in  the  original  blot,  after  stripping  and  reprobing  with  an  anti-IRS-1 
antibody.  Representative  results  from  five  experiments  are  shown.  B,  effects  of  Tam  on  IRS- 1  signaling  in  MCF-7/IRS- 1  cells.  MCF-7/IRS- 1 ,  clone  3,  was  cultured  for  4  days  in  either 
PRF-SFM  (SFM),  PRF-SFM  plus  50  ng/ml  IGF-I  alone  (IGF-I),  PRF-SFM  plus  50  ng/ml  IGF-I  with  10  nM  Tam  ( 1GF-1/Tam ),  or  PRF-SFM  plus  10  nM  Tam  (Tam).  IRS-1  was 
immunoprecipitated  from  250  fig  of  lysates,  and  IRS-1  protein  level  and  tyrosine  phosphorylation  were  detected  as  described  above.  Amounts  of  p85  of  PI-3  kinase  and  GRB2 
associated  with  IRS  were  determined  in  original  nitrocellulose  filters  after  stripping  and  reprobing  with  specific  antibodies.  C,  Tam  effects  on  IRS-1  associated  PI-3  kinase  activity. 
The  cells  were  incubated  in  PRF-SFM  (SFM),  PRF-SFM  plus  50  ng/ml  IGF-I  (IGF-I),  or  PRF-SFM  plus  50  ng/ml  IGF-I  and  10  nM  Tam  (IGF-I/Tam)  for  3  days.  IRS-1  was  precipitated 
from  500  *tg  of  cell  lysates  from  each  cell  line.  The  activity  of  PI-3  kinase  associated  with  IRS-1  was  assessed  in  vitro  as  described  in  “Materials  and  Methods.”  The  results  are  expressed 
as  percentage  of  increase  over  control  levels  in  SFM  (100%).  Representative  data  are  shown. 


different  prognostic  markers  is  not  known.  Our  experiments  with 
MCF-7  cells  expressing  antisense  RNA  to  either  IRS-1  or  SHC 
demonstrated  that  normal  levels  of  both  substrates  are  critical  in 
sustaining  monolayer  and  anchorage-independent  growth.4  In  addi¬ 
tion,  IRS-1  signaling  appears  to  play  a  role  in  the  protection  from 
apoptosis  in  vitro,4 

Here,  we  looked  at  the  status  of  IRS-1  and  SHC  in  the  state  of 
growth  inhibition  induced  by  Tam.  We  approached  this  problem  using 
MCF-7  cells  as  well  as  more  sensitive  cellular  models,  i.e.,  MCF-7- 
derived  clones  overexpressing  either  the  IGF-IR  or  IRS-1  (5,  6).  The 
amplification  of  IGF-IR  signaling  in  MCF-7  cells  promotes  growth 
responsiveness  to  IGF-I  and  abrogates  estrogen  growth  requirements 
but  does  not  influence  ER  expression  and  function  (5,  6).  In  this  work, 
we  demonstrated  that  estrogen  independence  in  MCF-7/IGF-IR  and 
MCF-7/IRS-1  cells  does  not  circumvent  sensitivity  to  cytostatic  action 
of  Tam.  Remarkably,  the  inhibition  of  growth  was  similar  in  all 
studied  cell  lines,  regardless  of  the  amplification  of  IGF-IR  signaling. 
With  this  experimental  system  we  have  made  several  important  ob¬ 
servations: 

(a)  Tam  had  no  apparent  effect  on  IGF-IR  protein  levels  or  the 
levels  of  its  precursor,  at  least  in  a  4-day  experiment.  Other  studies 


4  M.  Nolan.  L.  Jankowska,  M.  Prisco,  S.  Xu,  M.  Guvakova.  and  E.  Surmacz.  Differ¬ 
ential  roles  of  IRS- 1  and  SHC  signaling  pathways  in  breast  cancer  cells.  Int.  J.  Cancer,  in 
press. 


demonstrated  a  small  (30%)  down-regulation  of  IGF  binding  sites  in 
Tam-treated  MCF-7  cells  (19);  however,  binding  assays  were  performed 
without  discriminating  IGF-I  association  with  membrane  IGFBPs,  which 
could  result  in  miscalculation  of  IGF-IR  levels  (22). 

(b)  Tam  inhibited  IGF-I-induced  tyrosine  phosphorylation  of  the 
IGF-IR.  It  is  unlikely  that  this  effect  was  mediated  exclusively 
through  the  reduction  of  the  amount  of  autocrine  IGFs  because  Tam 
effectively  suppressed  autocrine  growth  without  modification  of  the 
basal  IGF-IR  tyrosine  phosphorylation  (in  PRF-SFM;  Figs.  1  and  2). 
Why  the  effect  of  Tam  on  IGF-IR  activation  is  evident  in  the  presence 
of  excess  IGF-I  but  not  with  autocrine  IGFs  remains  to  be  clarified; 
possibly,  the  regulation  of  the  phosphatase  system  is  different  under 
these  two  conditions.  This  observation,  however,  suggests  that  con¬ 
tinuing  dephosphorylation  of  the  IGF-IR  is  not  critical  for  Tam- 
induced  growth  arrest. 

(c)  Tam  treatment  resulted  in  the  persisting  dephosphorylation  of 
IRS-1  on  tyrosine  residues,  apparently  in  the  presence  of  both  auto¬ 
crine  and  exogenous  IGF-I.  The  attenuation  of  IRS- 1  tyrosine  phos¬ 
phorylation  by  Tam  was  accompanied  by  down-regulation  of  IRS-1- 
associated  PI-3  kinase  activity  and  dissociation  of  GRB2  form  IRS-1. 
Our  findings  agree  with  preliminary  data  of  Kleinman  et  al.  (23),  who 
demonstrated  that  Tam  inhibited  tyrosine  phosphorylation  of  a  Mr 
185,000  protein  (possibly  IRS-1)  in  MCF-7  cells. 

(d)  The  effect  of  Tam  on  SHC  was  evidently  different  from  that  seen 
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,  Fig.  4.  Effects  of  Tam  on  SHC  signaling.  The 
cells  were  grown  in  either  PRF-SFM  (SFM).  PRF- 
SFM  plus  10  nM  Tam  (Tam),  or  PRF-SFM  plus  50 
ng/ml  IGF-I  UGF-f)  for  3  days.  SHC  protein  were 
immunoprecipitated  from  500  ju.g  of  cell  lysates 
with  an  anti-SHC  polyclonal  antibody  followed  by 
detection  ot  tyrosine  phosphorylation  of  SHC  with 
PY-20.  The  SHC  protein  and  SHC-associated 
GRB2  were  detected  in  original  Filters,  upon  strip¬ 
ping  and  re-probing  with  specific  antibodies.  Rep¬ 
resentative  results  ol  five  experiments  are  shown. 
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for  IRS-1.  Here,  growth  inhibition  was  associated  with  elevated  tyrosine 
phosphorylation  of  SHC  proteins,  especially  p52SHC,  without  up-regula- 
tion  of  SHC  protein  levels.  Importantly,  long-term  treatment  with  IGF-I, 
which  promoted  growth,  concomitantly  reduced  SHC  phosphorylation. 
Whether  up-regulation  of  SHC  phosphorylation  is  a  universal  feature  of 
growth  arrest  or  it  only  represents  a  characteristic  of  Tam  action  is 
presently  unclear.  In  MCF-7  cells,  treatment  with  genistein  or  herbimicin 
inhibited  proliferation,  which  was  associated  with  a  reduction  of  SHC 
tyrosine  phosphorylation  observed  after  30  min  treatment  (24).  Longer 
effects  of  these  tyrosine  kinase  inhibitors  were  not  studied.  In  our  system, 
higher  phosphorylation  of  SHC  in  Tam-treated  cells  was  accompanied  by 
GRB2  binding  to  SHC;  however,  activation  of  ERK2  was  not  observed. 
Possibly,  under  Tam  treatment,  activation  of  ERK2  via  SHC  was  coun¬ 
teracted  by  deactivation  of  this  pathway  due  to  disruption  of  IRS-1 
signaling.  Alternatively,  as  suggested  by  others  (24,  25),  the  ERK2 
pathway  is  not  critical  in  IGF-stimuiated  growth  in  MCF-7  cells;  thus,  it 
is  not  a  target  for  Tam  action. 

In  summary,  these  results  demonstrate  that  Tam  differentially  mod¬ 
ulates  IGF-IR  signaling  in  breast  cancer  cells.  The  cytostatic  effect  of 
Tam  is  mediated  by  a  continuing  inhibition  of  IRS-l/PI-3  kinase 
pathway.  On  the  other  hand,  Tam  increases  tyrosine  phosphorylation 
of  SHC  and  SHC/GRB2  binding.  The  biological  consequences  of  the 
latter  effects  are  presently  unknown. 

One  possible  target  of  Tam  action  is  the  tyrosine  phosphatase 
system.  Indeed,  Freiss  and  Vignon  (26)  have  recently  shown  that 
4-hydroxytamoxifen  up-regulates  protein  tyrosine  phosphatase  activ¬ 
ity  in  breast  cancer  cells.  We  speculate  that  Tam  activates,  most 
probably  through  an  indirect  mechanism,  a  specific  tyrosine  phos¬ 
phatase^)  acting  upon  IRS-1.  On  the  other  hand,  Tam  may  also 
inhibit  tyrosine  phosphatase(s)  that  would  specifically  affect  SHC 
and/or  the  IGF-IR.  Future  experiments  with  Tam  and  pure  antiestro¬ 
gens  will  further  explore  this  issue,  especially  in  relation  with  such 
phenomenon  as  antiestrogen  resistance  or  Tam-induced  growth. 
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abstract 


The  pure  antiestrogen  ICI  182,780  inhibits  insulin-like  growth  factor  (IGF)- 
dependent  proliferation  in  hormone-responsive  breast  cancer  cells.  However,  the 
interactions  of  ICI  182,780  with  IGF-I  receptor  (IGF-IR)  intracellular  signaling  have  not 
been  characterized.  Here,  we  studied  the  effects  of  ICI  182,780  on  IGF-IR  signal 
transduction  in  MCF-7  breast  cancer  cells  and  in  MCF-7-derived  clones  overexpressing 
either  the  IGF-IR,  or  its  two  major  substrates:  IRS-1  (insulin  receptor  substrate  1)  or  SHC 
(src/collagen  homology  proteins). 

ICI  182,780  blocked  the  basal  and  IGF-I-induced  growth  in  all  studied  cells  in  a 
dose-dependent  manner,  however,  the  clones  with  the  greatest  IRS-1  overexpression  were 
clearly  least  sensitive  to  the  drug.  Pursuing  ICI  182,780  interaction  with  IRS-1,  we  found 
that  the  antiestrogen  reduced  IRS-1  expression  and  tyrosine  phosphorylation  in  several  cell 
lines  in  the  presence  or  absence  of  IGF-I.  Moreover,  in  IRS- 1 -overexpressing  cells,  ICI 
182,780  decreased  IRS-l/p85  and  IRS-1/GRB2  binding. 

The  effects  of  ICI  182,780  on  IGF-IR  protein  expression  were  not  significant, 
however  the  drug  suppressed  IGF-I-induced  (but  not  basal)  IGF-IR  tyrosine 
phosphorylation.  The  expression  and  tyrosine  phosphorylation  of  SHC  as  well  as 
SHC/GRB  binding  were  not  influenced  by  ICI  182, 780. 

In  summary,  downregulation  of  IRS-1  may  represent  one  of  the  mechanisms  by 
which  ICI  182,780  inhibits  the  growth  of  breast  cancer  cells.  Thus,  overexpression  of 
IRS-1  in  breast  tumors  could  contribute  to  the  development  of  antiestrogen  resistance. 
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INTRODUCTION 

ICI  182,780,  an  alpha- alkylsulphinylamide,  is  a  new  generation  pure  antiestrogen 
that  has  shown  a  great  promise  as  a  second  line  endocrine  therapy  agent  in  patients  with 
advanced  breast  cancer  resistant  to  the  non-steroidal  antiestrogen  Tamoxifen  (Tam)  (1-5). 

In  several  in  vitro  and  in  vivo  studies,  the  anti-tumor  effects  of  ICI  182,780  were  greater 
than  that  of  Tam  (1-6).  Moreover,  unlike  Tam,  ICI  182,780  lacks  agonist  (estrogenic) 
activity  and  its  administration  does  not  appear  to  be  associated  with  deleterious  site  effects 
such  as  induction  of  endometrial  cancer  or  retinopathy  (4).  ICI  182,780  antagonizes 
multiple  cellular  effects  of  estrogens  by  impairing  the  dimerization  of  the  estrogen  receptor 
(ER)  and  by  reducing  ER  half-life  (3, 4).  ICI  182,780  also  interferes  with  growth  factor- 
induced  growth,  but  it  is  not  clear  if  this  activity  is  mediated  exclusively  through  the  ER,  or 
some  ER-independent  mechanism  is  implicated  (6).  Despite  their  great  antitumor  effects, 
pure  antiestrogens  do  not  circumvent  the  development  of  antiestrogen-resistance,  as  most 
breast  tumor  cells  initially  sensitive  to  ICI  182,780  eventually  become  unresponsive  to  the 
drug  (3, 4,  7,  8).  The  mechanism  of  this  resistance  is  not  clear,  but  it  has  been  suggested 
that  both  mutations  of  the  ER  as  well  as  alterations  in  growth  factor-dependent  mitogenic 
pathways  may  be  involved  (3,  8-10). 

The  IGF  system  (IGFs,  the  IGF-IR,  and  IGF  binding  proteins  (IGFBP))  plays  a 
critical  role  in  the  pathobiology  of  hormone-responsive  breast  cancer  (1 1-13).  In  the 
experimental  setting,  the  IGF-IR  has  been  shown  to  stimulate  growth  and  transformation, 
improve  survival  as  well  as  regulate  cell-cell  and  cell-substrate  interactions  in  breast  cancer 
cells  (11, 12,  14-19).  Moreover,  overexpression  of  different  elements  of  the  IGF  system, 
such  as  IGF-n,  the  IGF-IR  or  IRS-1,  provides  breast  cancer  cells  with  growth  advantage 
and  reduces  or  abrogates  estrogen  growth  requirements  (15, 20,  21).  On  the  other  hand, 
downregulation  of  IGF-IR  expression,  inhibition  of  IGF-IR  signaling,  or  reduced 
bioavailability  of  the  IGFs  have  been  demonstrated  to  block  proliferation  and  survival  as 
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well  as  interfere  with  motility  or  intercellular  adhesion  in  breast  cancer  cells  (11,  12,  14- 
19). 

Clinical  studies  confirm  the  role  of  the  IGF-I  system  in  breast  cancer  development. 
First,  the  IGF-IR  has  been  found  up  to  14-fold  overexpressed  in  breast  cancer  compared 
'with  its  levels  in  normal  mammary  epithelium  (22-24).  Moreover,  cellular  levels  of  the 
IGF-IR  or  its  substrate  IRS-1  correlate  with  cancer  recurrence  at  the  primary  site  (25, 
26).The  ligands  of  the  IGF-IR,  IGF-I  and  IGF-II,  are  often  present  in  the  epithelial  and/or 
stromal  component  of  breast  tumors  indicating  that  an  autocrine  or  a  paracrine  IGF-IR  loop 
may  be  operative  and  involved  in  the  neoplastic  process  (11, 27).  In  addition,  endocrine 
IGFs  probably  also  contribute  to  breast  tumorigenesis  since  the  levels  of  circulating  IGF-I 
correlate  with  breast  cancer  risk  in  premenopausal  women  (28). 

ICI  182,780  interferes  with  the  IGF-I  system  in  breast  cancer  cells.  The 
antiestrogen  has  been  shown  to  attenuate  IGF-I  stimulated  growth  (6),  modulate  expression 
of  IGFBPs  (18,  19)  and  downregulate  IGF  binding  sites  (3).  The  interactions  of  ICI 
182,780  with  the  IGF-IR  signaling  pathways,  however,  have  not  been  characterized. 

Our  previous  work  demonstrated  that  in  breast  cancer  cells,  Tam  interferes  with  the 
IGF-IR  signaling  acting  upon  IGF-IR  substrates  IRS-1  and  SHC  (29).  Normally, 
activation  of  the  IGF-IR  results  in  the  recruitment  and  tyrosine  phosphorylation  of  IRS- 1 
and  SHC,  followed  by  their  association  with  several  downstream  effector  proteins  and 
induction  of  various  signaling  pathways  (12, 13,  30).  For  instance,  association  of  either 
IRS-1  or  SHC  with  GRB-2/SOS  complexes  activates  Ras/MAP  pathway,  whereas  binding 
of  IRS-with  p85  stimulates  PI-3  kinase  (13,  30).  Tam  treatment  blocks  IGF-dependent 
growth,  which  coincides  with  decreased  tyrosine  phosphorylation  of  IRS- 1  and  the  IGF-IR 
and  with  hyperphosphorylation  of  SHC  (29).  Here,  we  demonstrate  the  interactions  of  ICI 
182,780  with  IGF-IR  signaling  and  discuss  the  relevant  similarities  and  differences  in  the 
modes  of  action  of  the  two  antiestrogens. 


43 


MATERIALS  AND  METHODS 


Cell  Lines  and  Cell  Culture  Conditions.  In  this  study  we  used  MCF-7  cells 
and  several  MCF-7 -derived  clones  overexpressing  either  the  IGF-IR  (MCF-7/IGF-IR 
cells),  IRS-1  (MCF-7/IRS- 1  cells)  or  SHC  (MCF-7/SHC  cells).  MCF-7/IGF-IR,  clone  17 
and  MCF-7/IRS-1  clones  9,  3  and  18  were  developed  by  stable  transfection  of  MCF-7  cells 
with  expression  vectors  encoding  either  the  IGF-IR  or  IRS- 1  and  were  characterized 
previously  (15, 21).  MCF-7/SHC  cells  are  MCF-7-derived  cells  transfected  with  the 
plasmid  pcDNA3/SHC;  compared  with  MCF-7  cells,  the  level  of  p55SHC  and  p47SHC 
overexpression  in  MCF-7/SHC  cells  is  approximately  5-fold  (manuscript  submitted)^.  The 
above  MCF-7-derived  clones  express  ERs  and  respond  to  E2,  similar  to  MCF-7  cells  (15, 
21).  The  levels  of  IRS-1  in  MCF-7/IGF-IR  and  MCF-7/SHC  cells  are  similar  to  those  in 
MCF-7  cells  ( Fig.  2B  and  unpublished  results). 

MCF-7  cells  were  grown  in  DMEM:F12  (1:1)  containing  5%  calf  serum  (CS). 
MCF-7-derived  clones  were  maintained  in  DMEM:F12  plus  5%  CS  plus  200  ug/ml  G418 
(15,  21).  In  the  experiments  requiring  E2-free  conditions,  the  cells  were  cultured  in  phenol 
red-free  DMEM  containing  0.5  mg/ml  BSA,  1  uM  FeS04  and  2  mM  L-glutamine  (PRF- 
SFM)  (15,  17). 

Cell  Growth  Assay.  Cells  were  plated  at  a  concentration  2x10^  in  6-well  plates 
in  a  growth  medium;  the  following  day  (day  0),  the  cells  were  shifted  to  PRF-SFM 
containing  different  doses  of  ICI  182,780  (1-300  nM)  with  or  without  50  ng/ml  IGF-I  and 
incubated  for  4  days.  The  increase  in  cell  number  from  day  0  to  day  4  in  PRF-SFM  was 
designated  as  100  %  growth  increase. 

Immunoprecipitation  and  Western  Blotting.  The  expression  and  tyrosine 
phosphorylation  of  IGF-I  signaling  proteins  were  measured  by  immunoprecipitation  (IP) 
and  Western  blotting  (WB),  as  described  before  (15,  21).  Protein  lysates  (500  ug)  were 
immunoprecipitated  with  the  following  antibodies  (Abs);  for  the  IGF-IR:  anti-IGF-IR 
monoclonal  Ab  (mAb)  alpha-IR3  (Oncogene  Science);  for  IRS-1:  anti-C-terminal  IRS-1 
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polyclonal  Ab  (pAb)  (UBI);  for  SHC:  anti-SHC  pAb  (Transduction  Laboratories). 

Tyrosine  phosphorylation  was  probed  by  WB  with  an  anti-phosphotyrosine  mAb  PY20 
(Transduction  Laboratories).  The  levels  of  IRS-1,  IGF-IR,  SHC  expression  were 
determinedby  stripping  the  phosphotyrosine  blots  and  reprobing  them  with  the  following 
Abs:  for  IRS-1:  anti-IRS- 1  pAb  (UBI);  for  IGF-IR:  anti-IGF-IR  mAb  (Santa  Cruz);  for 
SHC:  anti-SHC  mAb  (Transduction  Laboratories).  The  association  of  GRB2  or  p85  with 
IRS-1  or  SHC  was  visualized  in  IRS-1  or  SHC  blots  using  an  anti-GRB2  mAb 
(Transduction  Laboratories)  or  an  anti-p85  mAb  (UBI),  respectively.  The  intensity  of 
bands  was  measured  by  laser  densitometry  scanning. 

Northern  Blotting.  The  levels  of  IRS- 1  mRNA  were  detected  by  Northern 
blotting  in  20  ug  of  total  RNA  using  a  63 1  bp  probe  derived  from  a  mouse  IRS- 1  cDNA  (nt 
1351-2002  ).  This  fragment  (99.8%  homology  with  the  human  IRS-1  sequence)  hybridizes 
with  both  human  and  mouse  IRS-1  mRNA  (31,  32). 

Statistical  Analysis.  The  results  in  cell  growth  experiments  were  analyzed  by 
ANOVA  or  Student  t-test,  where  appropriate. 

RESULTS 

ICI  182,780  inhibits  the  growth  of  MCF-7  cells  with  amplified  IGF- 
IR  signaling.  Sensitivity  to  ICI  182,780  is  determined  by  the  cellular  levels 
of  IRS-1.  All  cell  lines  used  in  this  study  secrete  autocrine  IGF-I-like  mitogens  and  are 
able  to  proliferate  in  PRF-SFM  (15,  17, 21).  The  basal  (autocrine)  growth  of  the  cells  was 
enhanced  in  the  presence  of  IGF-I  (Fig.  1A  and  B).  Short  (1-2  days)  treatments  with  ICI 
182,780  were  not  sufficient  to  inhibit  cell  growth  (data  not  shown),  but  a  4-day  culture  in 
the  presence  of  the  antiestrogen  produced  evident  cytostatic  effects  (Fig.  1 A  and  B).  In 
general,  the  response  to  ICI  182,780  was  dose-dependent  (Fig.  1A  and  B),  however, 
compared  with  the  other  cell  lines,  the  cells  highly  overexpressing  IRS-l(MCF-7/IRS-l 
clones  3  and  18)  were  more  resistant  to  the  drug  (Fig.  IB  and  C).  Specifically,  1  nM  ICI 
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182,780  inhibited  the  basal  growth  by  80,  55,  and  50%  in  MCF-7,  MCF-7/IGF-IR,  and 
MCF-7/SHC  cells,  respectively,  but  the  same  dose  produced  only  a  20-30%  growth 
inhibition  in  MCF-7/IRS-1,  clones  3  and  18  (Fig.  1A  and  B).  Higher  concentrations  of  ICI 
r82,780  ( 10  and  100  nM)  effectively  suppressed  the  autocrine  growth,  or  even  induced  cell 
death  in  all  cell  lines,  except  MCF-7/IRS-1,  clone.  18,  where  the  maximal  reduction  (32%) 
of  the  basal  growth  occurred  with  a  100  nM  dose  (Fig.  IB). 

In  the  presence  of  IGF-I,  the  effects  of  ICI  182,780  were  attenuated.  1  nM  ICI 
182,780  was  never  cytostatic  (data  not  shown),  while  10  nM  and  100  nM  doses  inhibited 
(by  30-50  %  and  47-78%,  respectively)  IGF-I-dependent  proliferation  of  cells  with  low 
IRS-1  levels  (Fig.  1A  and  B).  The  same  doses,  however,  were  less  efficient  in  MCF- 
7/IRS-l,  clones  3  and  18,  where  growth  reduction  was  20-25%  for  10  nM  and  41-47%  for 
100  nM.  Similarly,  300  nM  ICI  182,780  produced  a  prominent  cytostatic  effect  in  all  cell 
lines  with  low  IRS-1  expression,  but  was  less  active  in  the  clones  highly  overexpressing 
IRS-1  (70-93%  versus  45-60%  growth  inhibition)  (Fig.  1A,  B  and  C). 

The  above  results  suggested  that  IRS-1  may  be  an  important  target  for  ICI  182,780 
action.  Consequently,  in  the  next  set  of  experiments  we  studied  the  effects  of  ICI  182,780 
on  the  expression  and  function  of  IRS- 1. 

ICI  182,780  reduces  IRS-1  levels  and  impairs  IRS-1  signaling  in 
MCF-7/IRS-1,  MCF-7  and  MCF-7/IGF-IR  cells.  In  MCF-7/IRS-1  cells  grown 
under  basal  conditions,  IRS-1  was  tyrosine  phosphorylated  for  up  to  4  days  (Fig.  2A). 
IGF-I  induced  a  rapid  and  marked  (5-fold)  increase  of  IRS- 1  phosphorylation  that  persisted 
for  up  to  1  day  and  declined  thereafter  reaching  close  to  the  basal  phosphorylation  status  at 
day  4.  A  short  (<1  day)  treatment  with  ICI  182,780  had  no  consequences  on  IRS-1 
expression  or  tyrosine  phosphorylation.  (Fig.  2A,  panels  a  and  b).  However,  p85/IRS-l 
association  was  -30%  reduced  under  the  basal  conditions  at  day  1  of  the  treatment  (Fig.  2A 
panel  c). 


46 


The  evident  effect  of  ICI  182,780  action  on  IRS-1  expression  and  signaling 
occurred  at  day  4-day,  and  was  especially  pronounced  in  the  absence  of  IGF-I. 
Specifically,  without  IGF-I,  the  drug  suppressed  IRS-1  protein  expression  by  60%,  which 
was  paralleled  by  a  60%  reduction  of  IRS- 1  tyrosine  phosphorylation,  and  coincided  with 
an  almost  complete  (-95%)  inhibition  of  p85/IRS.-l  and  GRB2/IRS-1  binding.  The 
addition  of  IGF  attenuated  ICI  182,780  action,  however,  the  effects  of  the  treatment  were 
still  well  detectable:  IRS-i  levels  were  downregulated  by  30%,  IRS-1  tyrosine 
phosphorylation  by  20%,  p85/IRS-l  binding  by  30%.  Under  IGF-I  conditions, 
GRB2/IRS- 1  binding  was  not  appreciably  affected  (Fig.  2A,  panels  a-d). 

Importantly,  analogous  action  of  ICI  182,780  on  IRS-1  expression  and  tyrosine 
phosphorylation  was  seen  in  other  studied  cell  lines  (Fig.  2B).  In  both  MCF-7/IGF-IR  and 
MCF-7  cells  containing  only  endogenous  IRS- 1,  ICI  182,780  inhibited  the  IRS-1 
expression  under  basal  conditions  by  -60%,  which  was  paralleled  by  the  reduced  IRS-1 
tyrosine  phosphorylation  (by  -90-95%).  In  the  presence  of  IGF-I,  the  antiestrogen 
suppressed  the  IRS-1  levels  by  -50%  and  IRS-1  tyrosine  phosphorylation  by  -40%. 

ICI  182,780  attenuates  IRS-1  mRNA  expression.  ICI  182,780  reduced 
the  levels  of  -5  kb  IRS-1  mRNA  (31)  in  MCF-7  and  MCF-7/IGF-IR  cells  in  the  absence  or 
presence  of  IGF-I,  by  50  and  70%,  respectively  (Fig.  3).  Moreover,  the  5  kb  message 
transcribed  from  the  CMV-IRS-1  plasmid  was  downregulated  (by  -70%)  in  MCF-7/IRS-1 
cells  treated  with  both  IGF-I  and  ICI  182,780  (data  not  shown). 

ICI  182,780  inhibits  IGF-I-induced  but  not  basal  tyrosine 
phosphorylation  of  the  IGF-IR.  In  MCF-7/IGF-IR  cells,  IGF-I  moderately  increased 
the  expression  of  the  IGF-IR.  This  effect  was  slightly  (by  20%)  blocked  in  the  presence  of 
ICI  182,780.  Under  the  same  conditions,  the  drug  significantly  (by  80%)  reduced  tyrosine 
phosphorylation  of  the  IGF-IR  (Fig.  4).  ICI  182,780  had  no  effect  on  the  basal  expression 
of  the  IGF-IR,  however,  it  produced  a  30%  increase  in  the  basal  tyrosine  phosphorylation 
of  the  IGF-IR  (Fig.  4).  The  latter  peculiar  effect  of  the  antiestrogen  occurred  in  several 
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repeat  experiments.  Short  treatments  with  ICI  182,780  (<1  day)  were  not  associated  with 
any  significant  changes  in  IGF-IR  expression  (data  not  shown). 

Long-term  ICI  182,780  treatment  does  not  affect  SHC  signaling.  In 
the  presence  of  IGF-I,  SHC  tyrosine  phosphorylation  was  moderately  induced,  with  the 
maximum  seen  at  1  h  upon  stimulation.  On  the  other  hand,  GRB2/SHC  binding  peaked  at 
15  min  after  IGF-I  addition  and  declined  thereafter  with  the  minimal  binding  found  at  day  4 
(Fig.  5).  ICI  182,780  treatment,  in  the  presence  or  absence  of  IGF-I,  failed  to  induce 
significant  changes  in  the  levels  or  tyrosine  phosphorylation  of  SHC  proteins,  except  a 
transient  stimulation  of  the  basal  SHC  tyrosine  phosphorylation  at  15  min  (Fig.  5). 
Importantly,  at  all  time  points,  SHC/GRB2  association  was  not  influenced  by  the  drug. 

Interestingly,  at  day  4,  SHC  tyrosine  phosphorylation  and  SHC/GRB2  binding 
were  suppressed  in  the  presence  of  IGF-I  (Fig.  5).  This  characteristic  regulation  of  SHC 
by  IGF-I,  documented  by  us  previously  in  MCF-7  cells  and  MCF-7-derived  clones,  was 
not  affected  by  ICI  1 82,780  (29). 

Similar  lack  of  ICI  182,780  effects  on  SHC  expression  and  signaling  was  noted  in 
MCF-7  and  MCF-7/IGF-IR  cells  (data  not  shown). 

DISCUSSION 

Pure  antiestrogens  have  been  shown  to  interfere  with  one  of  the  most  important 
systems  regulating  the  biology  of  hormone-dependent  breast  cancer  cells,  namely  the  IGF-I 
system  (1,  3,  6,  18,  19,  33-35).  The  compounds  inhibit  IGF-induced  proliferation,  which 
is  associated  with  such  phenomena  as  downregulation  of  IGF  binding  sites  and  reduction 
of  IGF  availability  (3,  18,  19).  Similar  action  has  been  ascribed  to  non-steroidal 
antiestrogens  such  as  Tam  or  4-OH-Tam  (4). 

The  effects  of  pure  antiestrogens  on  the  IGF  signal  transduction  have  been 
unknown.  Here,  we  studied  if  and  how  ICI  182,780  modulates  the  IGF-IR  intracellular 
pathways  in  breast  cancer  cells.  We  focused  on  the  relationship  between  drug  efficiency 


and  signaling  capacities  of  the  IGF-IR  or  IRS- 1  since  these  molecules  appear  to  control 
proliferation  and  survival  in  breast  cancer  cells  (11,  12,  21,  25,  26,  36). 

Previously  we  found  that  cytostatic  action  of  Tam  involves  its  interference  with  IGF 
signaling  pathways.  In  particular.  Tam  suppressed  tyrosine  phosphorylation  of  IRS-1  and 
caused  hyperphosphorylation  of  SHC  (29).  The  most  important  conclusion  of  the  present 
work  is  that  inhibition  of  IRS- 1  expression  is  an  important  element  of  ICI  182,780  mode  of 
action.  The  first  observation  was  that  amplification  of  IGF  signaling  did  not  abrogate 
sensitivity  to  ICI  182,780.  Next,  ICI  182,780  appeared  to  affect  a  specific  IGF  signaling 
pathway,  as  the  efficiency  of  the  drug  was  dictated  by  the  cellular  levels  of  IRS- 1,  but  not 
that  of  SHC  or  the  IGF-IR.  For  instance,  MCF-7/IGF-IR  clone  17  was  very  sensitive  to 
ICI  182,780  despite  a  12-fold  IGF-IR  overexpression,  whereas  MCF-7/IRS-1,  clones  3 
and  18  (7  and  9-fold  IRS-1  overexpression,  respectively)  were  quite  resistant  to  the  drug 
(15,  and  Fig.  1).  Moreover,  ICI  182,780  reduced  IRS-1  levels  and  tyrosine 
phosphorylation  in  several  cell  lines  in  the  presence  or  absence  of  IGF-I,  while  its  action  on 
the  IGF-IR  was  limited  to  the  inhibition  of  IGF-I-induced  tyrosine  phosphorylation,  and  its 
effects  on  SHC  were  none. 

The  reduction  of  IRS- 1  expression  by  ICI  182,780  occurred  in  all  studied  cell  lines, 
however  it  was  clearly  more  pronounced  in  the  cells  expressing  low  levels  of  the  substrate 
(Fig.  2).  This  suggests  that  downregulation  of  IRS- 1  by  ICI  182,780  is  a  saturable  process 
and  overexpression  of  IRS- 1  may  provide  resistance  to  the  drug.  Indeed,  although  we  did 
not  notice  a  strict  correlation  between  IRS-1  levels  or  ERS-1  tyrosine  phosphorylation  and 
ICI  182,780-dependent  growth  inhibition,  IRS-1  overexpressing  cells  tended  to  be  more 
resistant  to  the  cytostatic  action  of  the  antiestrogen  (Fig.  1).  Interestingly,  overexpression 
of  IRS-1  clearly  had  a  greater  impact  on  the  response  to  high  doses  of  ICI  182,780  (>100 
nM)  than  on  the  effects  of  low  drug  concentrations.  This  could  suggest  that  ICI  182,780 
action  is  multiphased,  with  the  initial  inhibition  being  IRS- 1 -independent  (but  perhaps,  ER- 
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dependent)  and  the  strong  growth  reduction  associated  with  the  blockade  of  IRS-1  function 
(Fig.  1  and  2). 

ICI  182,780  affected  IRS- 1  expression  not  only  on  the  level  of  protein  but  also  on 
the  level  of  mRNA.  In  our  experiments,  the  antiestrogen  reduced  the  expression  of  IRS-1 
mRNA  in  the  presence  or  absence  of  IGF-I.  However,  the  mechanism  by  which  ICI 
182,780  interferes  with  IRS-1  mRNA  expression  was  not  studied  here  and  it  remains 
speculative.  Regarding  transcriptional  regulation,  no  estrogen  responsive  elements  have 
been  mapped  in  the  IRS-1  promoter,  but  it  can  not  be  ruled  out  that  ICI  182,780  acts 
indirectly  through  some  other  regulatory  sequences  in  the  5'  untranslated  region  of  IRS- 1 
gene,  such  as  API,  AP2,  Spl,  C/EBP,  E  box  (37,  38).  A  postranscriptional  component 
may  be  argued  by  the  fact  that  the  inhibition  of  IRS- 1  mRNA  by  ICI  182,780  was  evident 
in  IGF-I-treated  MCF-7/IRS- 1  cells,  in  which  the  majority  of  IRS- 1  message  originated 
from  the  expression  plasmid  devoid  of  any  IRS- 1  promoter  sequences  (CMV-driven  IRS- 1 
cDNA)(39)  (data  not  shown).  In  addition,  the  finding  that  ICI  182,780  similarly  inhibited 
IRS- 1  mRNA  levels  under  the  basal  and  IGF-I  conditions,  but  IRS-1  protein  was 
significantly  more  reduced  in  the  absence  of  IGF-I  (Fig.  3  vs.  Fig.  2  A)  could  suggest  that 
the  drug  acts  upon  some  IGF-I-dependent  mechanism  controlling  mRNA  stability, 
translation,  or  posttranslational  events.  In  fact,  in  other  experimental  systems,  IGF-I  or 
insulin  regulated  various  messages,  including  IRS-1  mRNA,  on  the  postranscriptional  level 
(38,  40,  41). 

In  its  action  on  IRS-1,  ICI  182,780  appeared  more  potent  than  Tam  which 
decreased  tyrosine  phosphorylation  of  IRS- 1  but  did  not  cause  any  detectable  changes  in 
IRS-1  expression.  Our  results  with  Tam  suggested  that  this  antiestrogen  may  influence  the 
activity  of  tyrosine  phosphatases  (29).  An  interaction  with  the  phosphatase  system  has  also 
been  suggested  for  pure  antiestrogens  (42).  In  the  present  work,  ICI  182,780  effects  on 
phosphatases  acting  on  IRS-1  were  impossible  to  assess,  since  the  drug  affected  also  IRS- 
1  expression  (Fig.  3).  However,  some  interference  of  ICI  182,780  with  the 
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phosphorylation/dephosphorylation  events  could  be  indicated  for  instance  by  our 
experiments  with  the  IGF-IR,  where  the  compound  induced  IGF-IR  phosphorylation  under 
the  basal  conditions  and  IGF-IR  dephosphorylation  in  the  presence  of  IGF-I,  without 
evident  modifications  of  the  receptor  expression  (Fig.  4). 

Other  important  observations  stemming  form  this  work  concern  similarities  and 
differences  between  the  effects  of  ICI  182,780  and  Tam  on  the  IGF-IR  and  SHC.  While 
Tam  did  not  modulate  the  expression  of  IGF-IR  protein  (29),  ICI  182,780  moderately 
decreased  IGF-IR  levels  in  the  presence  of  IGF-I.  The  action  of  ICI  182,780  and  Tam  on 
IGF-IR  tyrosine  phosphorylation  was  similar,  namely,  both  compounds  inhibited  IGF-I- 
induced  but  not  basal  tyrosine  phosphorylation  of  the  IGF-IR.  The  effects  of  ICI  182,780 
and  Tam  on  SHC  were  different.  With  Tam,  we  observed  elevated  tyrosine 
phosphorylation  of  SHC  proteins  and  increased  SHC/GRB2  binding  in  growth  arrested 
cells,  while  ICI  182,780  did  hot  affect  SHC  phosphorylation  or  expression  (29).  Thus, 
induction  of  a  non-mitogenic  SHC  signaling  is  a  peculiarity  of  Tam  but  not  ICI  182,780 
mechanism  of  action. 

In  summary,  cytostatic  effects  of  ICI  182,780,  similar  to  Tam,  are  associated  with 
the  inhibition  of  IGF-IR  signaling.  The  mitogenic/survival  IRS-1  pathway  is  a  target  for 
both  antiestrogens.  Both  drugs  reduce  the  levels  of  tyrosine  phosphorylated  IRS-1,  but 
only  ICI  182,780  clearly  inhibits  expression  of  the  substrate.  High  cellular  levels  of  IRS- 1 
hinder  the  response  to  higher  doses  of  ICI  182,780,  thus  overexpression  of  IRS- 1  in  breast 
tumors  may  represent  an  important  mechanism  of  antiestrogen  resistance. 
ACKNOWLEDGMENTS 

This  work  was  supported  by  the  following  grants  and  awards:  NIH  DK  48969 
(E.S.);  U.S.  Department  of  Defense  DAMD 17-96- 1-6250  (E.S.)  and  DAMD  17-97-1- 
7211  (M.A.G.);  NCR  Italy  fellowships  (D.S  and  M.S.). 

ICI  182,780  used  in  this  project  was  generously  provided  by  Dr.  A.  Wakeling, 
ZENECA,  Great  Britain. 


51 


I 


REFERENCES 

1.  Wakeling,  A.  E.,  Dukes,  M.,  and  Bowler,  J.  (1991)Cancer  Res.  51,  3867-3873. 

2.  Robertson,  J.  F.  R.,  Howell.  A..  DeFriend,  D.  J.,  Blarney,  R.  W.,  and  Walton,  P. 
(1997)  Breast  6,  186-189. 

3.  de  Cupis,  A.,  and  Favoni,  R.  E.  (1997)  Trends  in  Pharmcol.  Sci.  18,  245-251. 

4.  Chander,  S.  K.,  Sahota,  S.  S„  Evans,  T.  R.  J.;  and  Luqmani,  Y.  A.  (1993)  Crit.  Rev. 
Oncol.  Hematol.  15,  243-269. 

5.  Osborne,  C.  K.,  Coronado-Heinsohn,  E.  B.,  Hilsenbeck,  S.  G.,  McCue,  B.  L., 
Wakeling,  A.  E„  McClelland,  R.  A.,  Manning,  D.  L.,  and  Nickolson,  R.  I.  (1995)  J. 
Natl.  Cancer  Inst.  87,  746-750. 

6.  de  Cupis,  A„  Noonan,  D.,  Pirani,  P.,  Ferrera,  A.,  Clerico,  L,  and  Favoni,  R.  E. 
(1995)  Br.  J.  Pharm.  116,  2391-2400. 

7.  Nicholson,  R.  I„  Gee,  J.  M„  Manning,  D.  L.,  Wakeling,  A.  E.,  Montano,  M.  M.,  and 
Katzenellenbogen,  B.  S.  (1995)  Ann.  NY  Acad.  Sci.  761,  148-163. 

8.  Pavlik,  E.  J.,  Nelson,  K.,  Srinivvasan,  S.,  Depriest,  P.  D.,  and  Kenady,  D.  E  (1996) 
tn  Estrogens,  Progestins,  and  their  Antagonists  (Pavlik,  E.  J.,  Ed.)  pp.  116-159,  Vol.  1, 
Birkhauser,  Boston. 

9.  Larsen,  S.  S.,  Madsen,  M.  W.,  Jensen,  B.  L„  and  Lykkesfeld,  A.  E.  (1997)  Int.  J. 
Cancer  12, ,  1129-1136. 

10.  Wiseman,  L.  R.,  Johnson,  M.  D.,  Wakeling,  A.  E.,  Lykkesfeldt,  A.  E.,  May,  F.  E., 
and  Westley,  B.  R.  ( 1993)  Eur.  J.  Cancer  29A,  2256-2264. 

11.  Lee,  A.  V.,  and  Yee,  D.  (1995 )Biomed.  Pharmecother.  49,  415-421. 

12.  Surmacz,  E.,  Guvakova,  M.  A.,  Nolan,  M.  K.,  Nicosia,  R.,  and  Sciacca,  L.  (1998) 
Breast  Cancer  Res.  Treat.  47,  255-267. 

13.  Dickson,  R.  B.,  and  Lippman,  M.  E.  Endocrin.  Rev.  (1995)  16,  559-589. 

14.  Doerr,  M.,  and  Jones,  J.  (1996)  J.  Biol.  Chem.  271,  2443-2447. 

15.  Guvakova,  M.  A.,  and  Surmacz,  E.  (1997)  Exp.  Cell.  Res.  231,  149-162. 

16.  Bracke,  M.  E.,  Vyncke,  B.  M.,  Bruyneel,  E.  A.,  Vermeulen,  S.  J.,  De  Bruyne,  G. 
K.,  Van  Larebeke,  N.  A.,  Vleminck,  K.,  Van  Roy,  F.  M.,  and  Mareel,  M.  M.  (1993)  Br. 
J.  Cancer  68,  282-289. 

17.  Nolan,  M.  K.,  Jankowska,  L.,  Prisco,  M.,  Xu,  S.,  Guvakova,  M.,  and  Surmacz,  E. 
(1997)  Int.  J.  Cancer  72,  828-833. 

18.  Hung,  H„  and  Poliak,  M.  (1995)  Prog.  Growth  Factor  Res.  6,  495-501. 

19.  Huynh,  H.,  Yang,  X.  F„  and  Poliak,  M.  (1996)  Cell  Growth  Different.  7,  1501- 
1506. 


52 


J 


20.  Cullen.  K.J.,  Lippman.  M.E..  Chow,  D.,  Hill,  S.,  Rosen,  N.,  and  Zwiebel,  J.A. 
(1992)  Mol.  Endocrinol.  6,  91-100. 

21.  Surmacz,  E.,  and  Burgaud,  J-L.  (1995)  Clin.  Cancer  Res.  1,  1429-1436. 

22.  Peyrat,  J.P.,  and  Bonneterre,  J.  (1992)  Breast  Cancer  Res.  Treat.  22,  59-68. 

23.  Papa,  V.,  Gliozzo,  B.,  Clark,  G.  M.,  McGuire,  W.  L.,  Moore,  D.,  Fujita-Yamaguchi, 
Y.,  Vigneri,  R.,  Goldfme,  and  I.  D„  Pezzino,  V.  (1993)  Cancer  Res.  53,  3735-3740. 

24.  Resnik,  J.  L.,  Reichart.  D.  B.,  Huey,  K.,  Webster,  N.  J.  G.,  Seely,  B.  L.  (1998) 
Cancer  Res.  58,  1 159-1 164. 

25.  Rocha,  R.  L.,  Hilsenbeck,  S.  G.,  Jackson,  J.  G.,  and  Yee,  D.  (1997)  Clin.  Cancer 
Res.  3,  103-109. 

26.  Turner,  B.  C.,  Haffty,  B.  G.,  Nayarannan,  L.,  Yuan,  J.,  Havre,  P.  A.,  Gumbs,  A., 
Kaplan,  L.,  Burgaud,  J-L.,  Carter,  D.,  Baserga,  R.,  and  Glazer,  P.  (1997)  Cancer  Res. 

57,  3079-3083. 

27.  Ellis,  M.  J.  C.,  Singer,  C.,  Hornby,  A.,  Rasmussen,  A.,  and  Cullen,  K.  J.  (1994) 
Breast  Cancer  Res.  Treat.  31,  249-261. 

28.  Hankinson,  S.,  Willet,  W.  C.,  Colditz,  G.,  Hunter,  D.  J.,  Michaud,  D.  S.,  Deroo, 

B.,  Rosner,  B.,  Speizer,  F.,  and  Poliak,  M.  (1998)  Lancet  351,  1393-1396. 

29.  Guvakova,  M.  A,  and  Surmacz,  E.  (1997)  Cancer  Res.  57,  2606-2610. 

30.  Sepp-Lorenzino,  L.  (1998)  Breast  Cancer  Res.  Treat.  47,  235-253. 

31.  Nishiyama,  M.,  and  Wands,  J.  R.  (1992)  Bioch.  Biophys.  Res.  Comm.  183,  280- 


32.  Keller,  S.  R.,  Aebersold,  R.,  Gamer,  C.  W.,  and  Lienhard,  G.  E.  (1993)  Bioch. 
Biophys.  Acta  1172,  323-326. 

33.  Nicholson,  R.  I.,  Gee,  J.  M.,  Bryant,  S.,  Francis,  A.  B.,  McClelland,  R.  A., 
Knowlden,  J.,  Wakeling,  A.  E.,  and  Osborne,  C.  K.  (1996)  Ann.  NY  Acad.  Sci.  784, 
325-335. 

34.  Wakeling,  A.  E.,  Newboult,  E.,  and  Peters,  S.  W.  (1989)  J.  Mol.  Endocrin.  2,  225- 
234. 

35.  Coradini,  D.,  Biffi,  A.,  Cappelletti,  V.,  and  Di  Fronzo,  G.  (1994)  Anticancer  Res.  14, 
1059-1064. 

36.  Dunn,  S.  E.,  Hardman,  R.  A.,  Kari,  F.  W.,  and  Barrett,  J.  C.  (1997)  Cancer  Res. 

57,  2687-2693. 

37.  Matsuda,  K.,  Araki,  E.,  Yoshimura,  R.,  Tsuruzoe,  K.,  Furukawa,  N.,  Kaneko,  K., 
Motoshima,  H.,  Yoshizato,  K.,  Kishikawa,  K.,  and  Shichiri,  M.  (1997)  Diabetes  46, 
354-362. 


53 


* 


38.  Araki,  E.,  Haag,  B.  L.,  Matsuda.  K.,  Shichiri,  M..  and  Kahn,  C.  R.  (1995)  Mol. 
Endocrin.  9,  1367-1379. 

39.  D'Ambrosio,  C.,  Keller,  S.  R.,  Morrione,  A.,  Lienhard,  G.  E.,  Baserga,  R.,  and 
Surmacz,  E.  (1995)  Cell  Growth  Different.  6,  557-562. 

40.  Miura,  M.,  Li,  S-W.,  Dumenil,  G.,  and  Baserga,  R.  (1994)  Cancer  Res.  54,  2472- 
2477. 

41.  Lee,  A.  V.,  Weng,  C-N.,  Jackson,  J.  G.,  and  Yee,  D.  (1997)  J.  Endocrin.  152,  39- 
47. 

42.  Freiss,  G.,  and  Vignon,  F.  (1994)  Mol.  Endocrinol.  8,  1389-1396. 

FOOTNOTES 

'Corresponding  author,  at  Kimmel  Cancer  Center,  Thomas  Jefferson  University, 

233  S.  10th  Street,  Philadelphia,  PA  19107,  Fax:  215-923-0249 
e-mail:  surmaczl@jeflin.tju.edu 

^The  abbreviations  used  are:  CS,  calf  serum;  ER,  estrogen  receptor;  E2,  17-beta  estradiol; 
GRB2,  growth  factor  receptor-bound  protein  2;  IGF-I,  insulin-like  growth  factor  I;  IGF- 
IR,  IGF-I  receptor;  IGFBP,  IGF  binding  protein;  IP,  immunoprecipitation;  IRS-1,  insulin 
receptor  substrate  1;  MCF-7/IGF-IR,  MCF-7  cells  overexpressing  IGF-IRs;  MCF-7/IRS- 
1,  MCF-7  cells  overexpressing  IRS-1;  MCF-7/SHC,  MCF-7  cells  overexpressing  SHC; 
PI-3  kinase,  phosphatidilinositol  3  kinase;  PRF-SFM,  phenol  red-free  serum-free  medium; 
SHC,  src/collagen  homology  proteins;  Tam,  Tamoxifen;  4-OH-Tam,  4-hydroxytamoxifen; 
WB,  Western  immunoblotting. 
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FIGURE  LEGENDS 


Fig.  1.  ICI  182,780  inhibits  the  growth  of  MCF-7  cells  overexpressing 
different  elements  of  IGF-IR  signaling.  IRS-1  levels  determine  ICI 
182,780  sensitivity.  A)  ICI  182,780-induced  growth  inhibition  in  the  parental  MCF-7 
cells  (8xl04  IGF-IRs/cell),  MCF-7/IGF-IR,  clone  17  (lxlO6  IGF-IRs/cell),  MCF-7/SHC 
(5-fold  SHC  overexpression  over  the  level  in  MCF-7  cells).  B)  Growth  reduction  in  MCF- 
7/IRS-l  clone  9  (3-fold  IRS-1  overexpression  over  the  levels  in  MCF-7  cells),  clone  3  (7- 
fold  overexpression),  and  clone  18  (9-fold  overexpression).  The  cells  were  treated  with 
different  doses  of  ICI  182,780  in  the  presence  or  absence  of  50  ng/ml  IGF-I,  as  described 
under  Materials  and  Methods.  The  increase  in  cell  number  between  day  0  and  day  4  is  taken 
as  100%.  The  results  are  means  from  at  least  4  experiments.  Bar,  SE.  C)  Levels  of  IRS- 1 
protein  in  different  MCF-7/IRS-1  cell  lines.  IRS-1  levels  were  determined  by 
immunoprecipitation  and  Western  blotting  as  described  under  Materials  and  Methods. 
Representative  results  from  3  experiments  are  shown. 

Fig.  2.  ICI  182,780  inhibits  IRS-l-mediated  signaling.  A)  Effects  of  ICI 
182,780  in  MCF-7/IRS-1,  clone  3.  IRS-1  tyrosine  phosphorylation  (IRS-1  PY)  (panel  a), 
protein  levels  (IRS-l)(panel  b)  as  well  as  IRS- 1 -associated  p85  of  PI-3  kinase  (panel  c) 
and  GRB2  (panel  d)  were  determined  in  cells  treated  for  15  min,  lh,  1  day  or  4  days  with 
100  nM  ICI  182,780  in  the  presence  or  absence  of  50  ng/ml  IGF-I.  In  lh  treatment,  the 
lane  IGF-(-)  ICI  (-)  is  underloaded.  Representative  results  from  5  experiments  are  shown. 
B)  Effects  of  ICI  182,780  on  IRS-1  in  MCF-7/IGF-IR  and  MCF-7  cells.  IRS-1  tyrosine 
phosphorylation  (IRS-1  PY)  and  protein  levels  (IRS-1)  were  examined  in  cells  treated  with 
100  nM  ICI  182,780  for  4  days.  Representative  blots  of  5  experiments  are  shown. 
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Fig.  3.  ICI  182,780  attenuates  the  expression  of  IRS-1  mRNA.  IRS-1  mRNA 
levels  in  MCF-7  and  MCF-7/IGF-IR  cells.  The  expression  of  IRS- 1  mRNA  was 
determined  in  cells  treated  with  100  nM  ICI  182,780  for  4  days  in  the  presence  or  absence 
of  IGF-I.  Panel  a,  IRS-1  mRNA  -5  kb;  panel  b,  control  RNA  loading;  28S  and  18  S  RNA 
in  the  same  blot. 

Fig.  4.  Effects  of  ICI  182,780  on  the  IGF-IR.  IGF-IR  tyrosine  phosphorylation 
(IGF-IR  PY)  and  protein  levels  (IGF-IR)  in  MCF-7/IGF-IR,  clone  17  treated  for  4  days 
with  100  nM  ICI  182,780  in  the  presence  or  absence  of  50  ng/ml  IGF-I.  Representative 
results  of  3  different  experiments  are  shown. 

Fig.  5.  Effects  of  ICI  182,780  on  SHC  signaling.  SHC  tyrosine 
phosphorylation  (SHC  PY),  protein  levels  (SHC),  and  SHC-associated  GRB2  were 
studied  in  MCF-7/SHC  cells  treated  for  4  days  with  100  nM  ICI  182,780  in  the  presence  or 
absence  of  50  ng/ml  IGF-I.  Representative  results  of  5  experiments  are  shown. 
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